AFWL-TR-78-82 


AFWL-TR 

78-82 


EXPERIMENTAL  METHODS  FOR  THE 
CHARACTERIZATION  OF  MULTICONDUCTOR 
CABLE  SYSTEMS 

Howard  M.  Fowles  et  al. 


Mission  Research  Corporation 
Albuquerque,  NM  87108 

March  1979 
Final  Report 


K £f ' i".  iv.’’**. 

gr  i • -'i  1 

f fr*  h&fl  k 


Approved  for  public  release;  distribution  unlimited. 


AIR  FORCE  WEAPONS  LABORATORY 
Air  Force  Systems  Command 
Kirtland  Air  Force  Base,  NM  87117 


APWL-TR-78-32 


This  f’na"1  renc  -t  wa s prepared  ty  Mission  Research  Corporation , A1 bugutrqua , 
New  Mexico , under  Contract  F29601 -77-C-QC40,  Job  Crder  12090531  with  the  Air 
Force  Weapons  Labc'-acory , I'.ir  tland  Air  Force  Base,  ‘lew  Mexico.  Captain  Howard 
G.  Hudson  (EL7)  was  tr.e  Laboratory  Project  Off icer-in-Charge. 

When  US  Government  drawings,  speci  fications , or  other  data  are  used  for  any 
purpose  otner  tnan  a definitely  related  Government  procurement  operation,  the 
Government  thereby  incurs  no  responsi bi 1 i ty  nor  any  obligation  whatsoever,  and 
the  fact  that  the  Government  may  have  formulated,  furnished,  or  in  anv  way 
supplied  the  said  drawings,  soeci fications , or  other  data,  is  not  to  be  regarded 
by  implication  or  otherwise,  as  in  any  manner  licensing  the  holder  or  any  other 
person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture,  use, 
or  sell  any  patented  invention  that  may  in  any  way  be  related  thereto. 

This  report  has  been  authored  by  a contractor  of  the  United  States  Government, 
Accordingly,  the  United  States  Government  retain:  a nonexclusive,  royalty-free 
license  to  pub1 i s n or  reproduce  the  material  contained  nerein,  or  allow  others 
to  do  so,  for  the  United  States  Government  purposes. 

This  report  has  been  reviewed  by  the  Information  Office  (01)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTI5).  At  NTIS, 
it  will  be  available  to  the  general  public,  including  foreign  nations. 

This  technical  report  has  been  reviewed  and  is  approved  for  oublicaticn. 


HOWARD  G.  HUdIoN 
Captain,  USAF 
Project  Officer 


ty.  PHILIP  CASTILLO 
''Chief, ‘'Technology  Branch 


FOP.  THE  COMMANDER 


ftfwvV/ 

DONALD  A,  DCwLEP 
Colonel,  USAF 

Chief,  Electromagnetics  Division 


DO  : 1 0 T RETURN  THIS  COPY.  RETAIN  OR  DESTROY. 


m 


KCLASSIFTED 


SECURITY  CCASSmCA'ICN  Of  This  V »G£  'U>»r  Dtlm  Enrtrtd'. 


REPORT  DOCUMENTATION  PAGE 


READ  INSTRUCTIONS 
3EF0RE  COMPLETING  FORM 


GOVT  ACCESSION  no.,  j- 


I.  R£i>CR  r SUMSja 

APWL-TR-78-82  7 i 


4 title  Subtitle) 

EXPERIMENTAL  METHODS  FOR  THE  CHARACTERIZATION 
OF  MULTI  CONDUCTOR  CABLE  SYSTEMS 


7 AUTNOA(»; 

Howard  M.  Fowles,  Ashok  K.  Agrawal  , 
Larry  0.  Scott,  Larry  Simpson 


S-  PERFORMING  ORGANIZATION  NAME  ANO  AOCREES 

/ 

Mission  Research  Corporation' 
Albuquerque,  NM  87108 


J.  TVBe  or  REPORT  A PSRlOD  CCVEREO 

Final  Report 


6.  R£R'ORMIS.G  ORC.  REPORT  R..MSER 

AMRC-R-1207 


II.  CON'RCLL'NO  QFF'CE  NAME  AvO  ACCRESS  REPORT  SATE 

. Ma  rch  1 ^7° 

Air  Fore  a Weapons  Laboratory  (ELT)  — - ■■  ■ CF~v;-- 

Klrtland  Air  Force  Base,  NM  87117  ^20 


'4.  MONITORING  AGcNCY  NAME  A AOO*ESS(M  zif!*r»nt  item  Controlling  Olhcaj  ' 13.  SCCwRlTy  CLASS,  (oi  ;hj»  fpotr, 

unclassified 


Air  Fore?  Weapons  Laboratory  (ELT) 
Klrtland  Air  Force  Base,  NM  87117 


!«.  OISTSiauTiON  STATEMENT  to!  .'.li-i  Rfport) 


Approved  for  public  release;  distribution  unlimited. 


'9.  <£y  *OR03  {Contmv  tn  rwvotaa  uda  il  n*c9$*mry  Ana  idm’Hv  =y  oiac*  .m umotr) 


Transmission  Lines 
Multiconductor 


Aircraft  Cable 
Experimental 


a9S“hact  'Ci.n/inui  on  no#  ll  me *»»mnr  j/is  ■stnttiy  pv  o/oc*  numcwr: 

j-This  report  presents  the  resuits  of  an  experimental  investigation  of  sul s 
^rcoagation  on  cross-sectional  i nr, onogenecus  nul  ti conouctor  cable  systems 
Time  ccmaln  ana  frequency  demain  measurement  techniques  are  describee  and 
verified.  The  modal  analysis  of  a 5-wire  branched  table  and  the  common  t 
analysis  of  a simole  cable  network  are  given  in  fe  time  domain  and  verif 
experimental  1 y.  So..-.e  practical  appl  icaticns  of  the  results  of  tn’s  stuov 
measurements  of  mul  ti  conductor  transmission  lire  cna',>r<-grinr  ir 


* * "a  | 

1 

ttESi 

CONTENTS 


Section 

I 

II 

III 


IV 


INTRODUCTION 

MODAL  ANALYSIS  OF  UNIFORM  LINE  SEGMENTS 
EXPERIMENTAL  CHARACTERIZATION  OF  MULTICONDUCTORS 

1 . BACKGROUND 

2.  TDR  PRINCIPLES 

3.  CHARACTERISTIC  ADMITTANCE  MEASUREMENTS 

a.  Direct  Method 

b.  Indirect  Method 

4.  MODAL  AMPLITUDE  AMD  VELOCITY  MEASUREMENTS 

5.  INDUCTANCE  AND  CAPACITANCE  MATRICES 

6.  EXPERIMENTAL  RESULTS  FOR  THREE-,  FOUR-,  AND 
FIVE-WIRE  LINES  OVER  A GROUND  PLANE 

a.  Three-Wire  Line 

b.  Four-Wire  and  Five-Wire  Lines 

c.  Result  Summary  and  Error  Analysis 

PULSE  PROPAGATION  ON  BRANCHED  MULT  I CONDUCTORS  FORMED 
BY  UNIFORM  LINE  SEGMENTS 

1.  BACKGROUND 

2.  ANALYSIS  USING  THE  REFLECTION  AND  TRANSMISSION 
MATRICES 

a.  Methodology 

b.  Examples 

3.  ANALYSIS  USING  THE  SCATTERING  MATRIX  OF 


Page 

7 

9 

15 

15 

16 
17 
17 

17 

18 
20 

21 

21 

29 

34 

40 

40 

41 
41 
43 


i 

3 


1 

i 

i 

ia 

r 

i 

■j 


CONTENTS  (Continued) 


Section 


4.  EXPERIMENTAL  RESULTS 

5.  ANALYSIS  OF  CABLE  NETWORKS 

a.  Background 

b.  Special  Case  of  a Network  Modeled  with 
Single  Conductor  Line  Segments 

APPLICATIONS  TO  MULTICONDUCTOR  CHARACTERIZATION  J.7  sj~j 

1.  INTRODUCTION 

2.  CABLE  INTERFACE  REFLECTIONS 

3.  ANALYSIS  OF  MULTIPLE  REFLECTIONS 

4.  PRACTICAL  CONSIDERATIONS 
REFERENCES 

APPENDIX  EXPERIMENTAL  CHARACTERIZATION  OF 
MULTICONDUCTOR  TRANSMISSION  LINES 
IN  FREQUENCY  DOMAIN 


2 


ILLUSTRATIONS 


11 

Input  waveform  used 

to  drive 

the 

wire  in 

the  cable. 

58 

12 

Voltage  waveform  at 

the  load 

end 

of 

w i re 

1 

of 

tube 

2, 

-- 

with  wire  4 of  tube 

1 driven. 

58 

1 3 

Vol tage  waveform  at 

the  load 

end 

of 

wire 

2 

of 

tube 

2, 

with  wire  4 of  tube 

1 driven. 

53 

: 

14 

Voltage  waveform  at 

the  load 

end 

of 

wire 

3 

of 

tube 

2, 

• 

with  wire  4 of  tube 

1 driven. 

5S 

15 

Voltage  waveform  at 

the  load 

end 

of 

wi  re 

4 

of 

tube 

3 . 

wi th  wire  4 of  tube 

1 driven, 

59 

- 

16 

Voltage  waveform  at 

the  load 

end 

of 

wi  re 

5 

of 

tube 

3, 

11  t 

with  wire  4 of  tube 

1 driven, 

59 

Figure  Page 

1 Schematic  of  a Three-Wire  Line  Over  a Ground  Plane  12 

2 Three-Wire  Cable  (Over  a Ground  Plane)  Geometry  22 

3 Waveforms  measured  with  a time  domain  reflectometer 

to  determine  the  impedance  Zj-jm  and  the  modal  velocities.  23 

4 Voltage  waveform  at  the  load  end;  (a)  wire  1 driven, 

(b)  wire  2 driven,  (c)  wire  3 driven.  25 

5 Voltage  and  current  waveforms  at  the  driven  end; 

(a)  wire  ?1  driven,  (b)  wire  #2  driver,,  (c)  wire 

?3  driven.  23 

6 Cross  sections  of  four-wire  and  five-wire  cables 

(over  a ground  plane),  dimensions  in  cm.  30 

7 Four-wire  and  five-wire  line  input  voltage  pulse.  31 

8 Voltage  waveforms  at  load  end  of  four-wire  and  five-wire 

lines.  32 

9 A Multiconductor  Transmission  Line  with  a Branch  44 

10  Five-Wire  Cable  (Over  a Ground  Plane)  Cross  Section  55 


3 


\ 

\ 


ILLUSTRATIONS  (Continued) 


j 


Fi  gure 

Eiai 

J 

17 

Voltage  waveform  at 

the  load  end 

of  wi  re 

1 

Of 

tube 

1, 

ft  3 

with  wire  1 of  tube 

2 driven. 

61 

18 

Vol tage  waveform  at 

the  load  end 

of  wi re 

2 

of 

tube 

1, 

' 4 

with  wire  1 of  tube 

2 driven. 

61 

J 

19 

Voltage  waveform  at 

the  load  end 

of  wi re 

3 

of 

tube 

1, 

1 

with  wire  1 of  tube 

2 driven. 

61 

20 

Vol tage  waveform  at 

the  load  end 

of  wi re 

4 

of 

tube 

1 , 

J 

with  wire  1 of  tube 

2 driven. 

62 

• 

21 

Vol tage  waveform  at 

the  load  end 

of  wi re 

5 

of 

tube 

1,  \ 

' 5 

wi th  wi re  1 of  tube 

2 driven. 

\ 62 

• 

22 

Voltage  waveform  at 

the  load  end 

of  wi re 

4 

of 

tube 

3, 

\ 

■ 

with  wire  1 of  tube 

2 driven. 

''  62 

• 

23 

Voltage  waveform  at 

the  load  end 

of  wire 

5 

of 

tube 

3, 

t 

with  wire  1 of  tube 

2 driven. 

63 

a 

24 

Voltage  waveform  at 

the  load  end 

of  wi  re 

1 

of 

tube 

1 , 

1 

with  wire  4 of  tube 

3 driven. 

63 

25 

Voltage  waveform  at 

the  load  end 

of  wire 

2 

of 

tube 

T 

» > 

wi  th  wi re  4 of  tube 

3 driven. 

63 

26 

Vol tage  waveform  at 

the  load  end 

of  wi re 

3 

of 

tube 

1 , 

with  wire  4 of  tube 

3 driven. 

64 

* 

27 

Voltage  waveform  at 

the  load  end 

of  wi re 

4 

of 

tube 

1, 

wi th  wi re  4 of  tube 

3 driven, 

64 

28 

Voltage  waveform  at 

the  load  end 

of  wi re 

5 

of 

tube 

1, 

with  wire  4 of  tube 

3 driven. 

64 

29 

Voltage  waveform  at 

the  load  end 

of  wire 

1 

of 

tube 

2, 

with  wire  4 of  tube 

3 driven. 

65 

30 

Voltage  waveform  at 

the  load  end 

of  wi re 

2 

of 

tube 

2, 

* 

with  wire  4 of  tube 

3 driven. 

65 

4 


ILLUSTRATIONS  (Continued) 


Pace 

Voltage  waveform  at  the  load  end  of  wire  3 of  tube  2, 

with  wire  4 cf  tube  3 driven.  65 

Current  waveform  at  short  circuit  termination  cn  wire 

1 of  tube  1 with  tube  2 driven  in  the  common  mode.  66 

Current  waveform  at  short  circuit  termination  on  wire 

2 of  tube  1 with  tube  2 driven  in  the  common  mode.  66 

Current  waveform  at  short  circuit  termination  on  wire 

3 of  tube  1 with  tube  2 driven  in  the  common  mode.  66 

Current  waveform  at  short  circuit  termination  on  wire 

4 of  tube  1 with  tube  2 driven  in  the  common  mode.  67 

Current  waveform  at.  short  circuit  termination  on  wire 

5 of  tube  1 with  tube  2 driven  in  the  common  mode.  67 

Cl i i<=nt  waveform  ot  short  circuit  termination  on  wire 
5 of  tube  3 with  tube  2 driven  in  the  common  mode.  68 

Current  waveform  at  short  circuit  termination  cn  wire 
5 of  tube  3 with  tube  2 driven  in  the  common  mode.  68 

Network  Layout  71 

Pulse  Generator  Output  Signals  77 

Measured  and  Predicted  Network  Response  78- 

Cable  Interface  Approximate  Equivalent  Circuit  80 

Typical  Interface  Reflections  for  an  Ideal  Step  Input  33 

Typical  Interface  Reflections  for  a Nonideal  Step  Input  84 

Interface  reflections  from  actual  aircraft  cable 
connectors.  36 

Typical  interface  reflections  for  a nonideal  step 

input  for  various  load  impedances.  87 


5 


1 


ILLUSTRATIONS  (Continued) 


F i qure 

Page 

47 

Multiple  Reflection  Diagram 

89 

43 

Example  of  the  reflection  produced  by  foil  tape 
around  a mul ti conductor. 

92 

TABLES 

Table 

Page 

1 

Comparison  of  Three-Wire  Line  Parameters  From 
Frequency  Domain  and  Time  Domain  Measurements 

35 

2 

Comparison  of  Four-Wire  Line  Parameters  From 

Frequency  Domain  and  Time  Domain  Measurements 

36 

3 

Comparison  of  Five-Wire  Line  Parameters  From 

Frequency  Domain  and  Time  Domain  Measurements 

37 

4 

Branched  Multiconductor  Characteristic  Impedance 
and  Scattering  Matrices 

57 

o 


SECTION  I 


INTRODUCTION 

Electronic  subsystems  on  aircraft,  missiles  and  ground  electronic 
systems  are  generally  connected  by  closely  coupled  rr.ul ti conductor  cables. 
These  multiconductor  cables  are  generally  made  of  conductors  with  different 
insulating  materials  resulting  in  a cross-secti onal ly  inhomogeneous  media. 
Such  cables  often  have  branches  where  some  of  the  conductors  of  the  cable 
branch  and/or  some  other  conductors  may  join  the  cable.  Determination  of 
the  transient  response  of  such  cables  illuminated  by  an  electromagnetic 
pulse  (EMP)  from  nuclear  detonations  is  becoming  of  increasing  importance 
(ref.  1). 

The  use  of  multiconductor  transmission  line  theory  in  EI-P  interaction 
problems  is  well  documented  (refs.  1,  2).  The  analysis  usually  proceeds 
from  transmission  line  models  which  are  characterized  by  specifying  the 
per  unit-length  inductance  and  capacitance  matrices  of  the  line.  However, 
it  is  also  possible  to  characterize  a line  in  terms  of  the  characteristic 
admittance  or  impedance  ana  the  modal  amplitudes  and  velocities  that  can 
exist  on  the  line.  Either  set  of  parameters  is  sufficient  to  determine 
the  coupling  and  propagation  characteristics  of  a lossless  mul ti conductor 
in  an  inhomogeneous  medium. 

Analyses  of  uniform  mul ticor.ductor  transmission  lines  have  been  re- 
ported by  several  investigators  both  in  the  frecuency  and  the  tine  domain 
(refs.  2 through  12).  The  propagation  modes  for  mul ti conductor  transmission 
lines  with  inhomogeneous  dielectrics  are  discussed  in  reference  4.  The 
analysis  of  mul ticonductor  transmission  line  networks  in  the  frecuency 
domain  is  given  in  reference  5. 

This  report  presents  the  results  of  a multiconductor  cade  character- 
ization study  which  was  undertaken  to  investigate  multimode  pulse  prooa- 
gaticr,  on  cable  systems  and  to  develop  measurement  techniques  applicable 

r 

t 


to  cable  testing  in  eiiu.  Multimode  propagation  is  discussed  in  section  II 
of  this  report.  Section  III  describes  experimental  methods  for  the  tine 
domain  characteri  zation  of  mul  ti conductors . Frequency  domain  methods  were 
also  investigated  and  are  described  in  the  appendix.  Two  methods  for  the 
analysis  of  a branched  cable  configuration  are  presented  in  section  IV. 
While  many  individual  parts  of  this  problem,  appear  elsewhere  (refs.  *1  ana 
5),  section  IV  presents  a complete  time  domain  analysis  of  a multiconductor 
transmission  line  with  branches  and  includes  experimental  verification 
of  the  results.  The  common  mode  response  of  a cable  network  containing 
two  branch  points  is  included  as  a special  case.  Section  V discusses 
some  practical  applications  of  this  study  for  toe  characterization 
in  situ  of  mul ticonductor  cable  systems. 


SECT IOf;  II 


MODAL  ANALYSIS  OF  UNIFORM  LINE  SEGMENTS 

Consider  a lossless  line  formed  by  N conductors,  plus  a reference 
conductor  (ground).  The  line  is  assumed  to  be  uniform  along  its  length 
(z  coordinate),  but  with  arbitrary  cross  section.  In  general,  the  dielectric 
surrounding  the  line  is  inhomogeneous  (e.g..,  cable  made  of  insulated  con- 
ductors having  different  geometries  and  dielectric  materials). 

In  the  presence  of  materials  of  different  dielectric  constants,  the  propa- 
gation cannot  strictly  be  TEM.  However,  for  many  applications  propagation 
may  be  considered  "auasi-TEM"  (refs.  4 and  13),  and  the  analysis  can  proceed 
from  the  generalized  telegrapher's  equations.  These  equations  for  the  loss- 
less case  are  (refs.  3 and  14), 

Iz  • -tcy  It  lyz.t)]  (2) 

with  n = 1,2,-— N 

m = 1 ,2,  — -fl 

Where  and  I represent  the  voltage  with  respect  to  the  reference  con- 
ductor and  current  on  the  m th  conductor,  respectively,  as  a function  of 
distance  z along  the  line  at  time,  t.  [L1  ] and  [Ci  ] are  respectively  per 
unit-length  coefficients  of  inductance  and  capacitance  matrices  of  N * N size 
The  diagonal  elements  are  self-  and  the  off-diagonal  elements  are  mutual 
quantities.  Both  [L*nrn]  and  [C^  ] are  real,  symmetric  and  dominant.  The 

elements  of  the  capacitance  matrix  [C*  ] and  inductance  matrix  [L1  ] 

nm  u nmJ 

are  further  characterized  by  the  following  properties  (ref.  15): 


L1  >0  for  al 1 n and  m 
nm 

C'  >0  for  all  n 
nn  ■ 

C ' < 0 for  all  n f m 
nm 

N (3> 

SC'  >0  for  'll  n 
nm 

m=l 

N 

V"'  C‘  > 0 for  all  m 
Z-u  nm  - 

n=l 

The  per  unit-length  inductance  matrix  [L^m]  and  capacitance  matrix 

[C;m]  can  be  measured  experimentally  using  the  methods  described  in  section 

III.  The  determination  of  [l1  ] and  [C1  ] analytically  is  generally  a 

nm  nm  J 

difficult  problem;  however,  numerical  approximations  can  be  employed  to 

determine  [L‘]  and  [C’l  (refs.  16  and  17). 

nrrr  nm  ' 

The  voltage  and  current  vectors  which  satisfy  equations  (1)  and  (2) 
can  be  written  as  (ref.  A) 


[Vn(z,t)]  = [Vn]*f(z-vt) 

(4) 

[inU»t)3  * [inl*f(z-vt) 

(5) 

where  [Vn]  and  C In 3 are  constant  vectors. 

From  equations  (1) , (2) , (4) 

(5)  the  eigenvalue  equation  for  [V  ] can  be 

written  as 

(6) 

10 


2 

where  1/v.  is  a eigenvalue  of  the  matrix  [L*  ][C‘  1,  and  [V  ] . is  the 

associated  voltace  eigenvector.  In  the  case  of  inhomogeneous  dielectrics, 

there  will  in  general  be  H distinct  eigenvalues.  Associated  with  the 
o 

eigenvalues  1/v^,  i - 1 , — N,  there  are  also  current  eigenvectors  [I  ]... 

The  [I  ].  are  the  eigenvectors  of  the  adjoint  matrix  [C1  ][L‘  ] and  have 
the  same  eigenvalues  l./v^  (ref.  4).  The  eigenvalue  equation  for  this  case 
can  be  written  as 


(7) 


It  can  be  shown  that  in  order  for  the  modes  to  represent  unattenuated 

2 

traveling  waves,  the  velocities  must  be  real",  i.e.,  the  eigenvalues  1/v^ 
must  be  real  and  positive  (ref.  4).  The  v.'s  represent  the  velocities 
of  N propagating  modes. 

The  eigenvectors  of  voltage  or  current  are  determined  to  within  an 
arbitrary  constant  by  solving  the  set  of  linear  homogeneous  equations  (6) 
or  (7)  for  [Vn]i  or  [ I n ] ^ . Each  solution  for  i=l ,2 — U represents  a mode 
of  -agation  on  the  line.  Since  the  modes  of  propagation  are  orthogonal 

to  other,  the  eigenvectors  form  a set  of  linearly  independent  vectors 
and  an  arbitrary  vector  [Ep]  can  be  represented  as  a sum  of  voltage  eigen- 
vectors in  the  form  (ref.  4) 


where  [A  1 is  a vector. 

m 

Let  a wave  traveling  in  the  forward  direction  be  characterized  at  some 
point  in  space  and  time  by  the  voltage  vector  [Vf  (z,t)]  which  can  be 
expressed  in  terms  of  the  voltage  eigenvectors  as 

i>fnu.t)]  - [vjt.yti] 

where  the  vector  [A  (t)]  = A f(t  - z/vm). 

m n m 


(9) 


The  matrix  [V  ] is  the  modal  matrix  of  the  line  which  is  defined  as 
nm 

a square  matrix  whose  columns  are  the  eigenvectors  determined  from  equation 
(6)  or  (7).  The  vector  [A  f(t  - z/ vm ) 3 represents  forward  traveling  waves 
of  unspecified  amplitude.  The  amplitude  coefficients  Am  are  determined 
from  boundary  conditions. 

Consider  a line  of  length  l connected  to  arbitrary  terminal  networks 
at  each  end  (figure  1),  and  excited  at  the  input  end  z - 0.  The  modal 
amplitudes  are  given  in  terms  of  the  total  voltage  at  the  input  [Vfn]Q 
by  evaluating  equation  (9)  at  z = 0 and  solving  for  the  amp! ftude  coef- 
ficients A . 

m 

t h 

The  forward  traveling  voltage  wave  on  the  nLn  wire  at  any  point  z = l 
on  the  line  is  then 


vf„(i-t)  - 2D  v.11-’.1 


where  t is  the  transit  time  for  each  mode 
m 


x_  = JL/v  , m=l , 2, — N 


z ■ 0 


Iround  Plans 


Figure  1.  Schematic  of  a Three-Wire  Line  Over  a Ground  Plane 
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This  is  illustrated  by  considering  an  example  of  a four  conductor 
line.  For  this  case,  equation  (10)  can  be  written  as 
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(12) 


Vf  U.t)  = V11-A1(t-x1)  + V12*  A2(t-~2)  + V13«A3(t-r3)  (13) 


with  expressions  similar  to  equation  (13)  for  the  voltage  on  vires  2 and 
3. 


Note  that  in  equation  (13)  the  voltage  wave  incident  at  the  point  z - l 
on  the  conductors  has  three  components.  These  voltages  represent  the 
modal  amplitudes  of  the  different  modes.  The  voltage  wave,  traveling  in 
the  forward  direction  at  z - 0 can  be  obtained  from  the  following  relation 


[Vf  (0,t)]  = [Z  ][Z  +Z  J_1[V  (0,t)] 

n nm  nm  nm  n 


(14) 


where  [Zr  ] is  the  characteristic  impedance  matrix  of  the  line,  [Zs  ] 
the  termination  impedance  matrix  at  the  driven  end  and  [VSn(0,t)]  the 
source  voltage  vector  at  z = 0.  Thus,  from  equations  (13)  and  (14)  the 
modal  amplitudes  at  any  point  on  the  line  can  be  obtained.  The  waves 
on  a lossless  line  travel  unattenuated.  At  any  discontinuity  or  load,  the 
voltage  or  current  can  be  obtained  using  the  reflection  and  transmission 
coefficients.  For  a uniform  section  of  line  (figure  1)  the  voltage 
vector  at  the  load  is  given  by  the  following  relation 


-1, 


[»L  <*»,„  ■ 2tZL  ^Zl  * Zc  I CVf  (--.‘I], 


nm 


nm 


nm 


(15) 


where  [V|_  (t]m  is  the  load  voltage  vector  for  the  nr  mode,  and 

rz,  1 are  the  load  and  characteristic  impedance  matrices,  resoecti vel.y. 

cnmJ  th 

[Vf  ( i. , t ) ]m  is  the  incident  voltage  vector  at  the  load  for  the  m mode. 
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SECTION  III 


EXPERIMENTAL  CHARACTERIZATION  CF  MULT  I CONDUCTORS 

i . BACKGROUND 

The  propagation  of  transient  signals  on  lossless  multiconductor  cables 
is  completely  specified  by  the  inductance  and  capacitance  matrices  of  the 
cable  system.  These  parameters  can  be  obtained  from  frequency  domain  measure- 
ments and  used  to  calculate  the  characteristic  impedance  matrix  and  the  modal 
amplitudes  and  velocities  that  can  exist  on  the  line.  The  technique  is 
described  in  the  appendix, 

It  is  also  possible,  using  time  domain  techniques,  to  measure  the 
characteristic  impedance  and  modal  amplitudes  and  velocities  directly, 
from  which  the  inductance  and  capacitance  matrices  can  be  computed  (ref.  13). 
The  time  domain  technique  has  a distinct  advantage  for  in  sizu  impedance 
measurements  since  it  has  the  ability  to  "look  through"  stray  impedances 
at  the  input.  The  measurements  are  completed  before  reflections  from  the 
load  arrive  and  are,  therefore,  independent  of  the  load.  When  both  ends 
of  the  cable  are  accessible,  the  modal  velocities  and  amplitudes  can  also 
be  measured,  either  by  terminating  the  load  end  in  a known  impedance  and 
measuring  the  current  or  voltage  at  the  load,  or  by  simply  disconnecting 
or  shorting  the  load  end  of  the  cable  to  produce  an  open  or  short  circuit 
with  a reflection  coefficient  of  il . In  the  latter  case  all  of  the  mea- 
surements can  be  made  from  the  driven  end  of  the  cable  with  simple  instru- 
nen  ta  1 1 on . 

An  Investigation  of  mul ti conductor  transmission  line  characterization 
techniques  has  been  carried  out  utilizing  bundles  of  closely  spaced  insu- 
lated wires  locateo  near  a ground  plane.  The  wires  were  insulated  with 
different  dielectric  materials  to  form  a cross  sectionally  inhomogeneous 
bundle  which  supports  nondegenerate  modes  of  propagation  with  discrete 
medal  velocities. 
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Time  domain  reflectometry  (TDR)  methods  have  been  reported  for  the  char- 
acterization of  cross  sectionally  homogeneous  bundles  in  which  the  eigenmodes 
are  totally  degenerate  and,  therefore,  propagate  with  the  same  velocity  (ref. 
19).  The  measurement  techniques  described  here  for  the  nondegenerate  case 
are  an  extension  of  the  methods  developed  in  reference  19  for  homogeneous 
bundles . 

2.  TDR  PRINCIPLES 

Standard  TDR  techniques  for  the  measurjment  of  an  unknown  impedance 
utilize  a fast  (0.1  ns  rise  time)  voltage  step  as  input  to  a "standard" 
line  of  known  characteristic  impedance  Zc,  which  is  terminated  in  an  unknown 
impedance  1^.  The  pulse  reflected  by  the  discontinuity  between  Zc  and  ZL 
is  recorded  (usually  with  a sampling  scope)  and  compared  with  the  input 
pulse.  For  resistive  loads,  the  incident  and  reflected  voltaaes  are  of 
the  same  pulse  shape  and  the  reflection  coefficient  p is  given  by  the  ratio 
of  the  reflected  (Af)  to  incident  (A^)  pulse  amplitude.  The  pulse  ampli- 
tudes are  related  to  the  impedances  by  the  equation 

» ■ V*i  5 K-r  ('6> 

L.  0 

from  which  the  load  Impedance  can  be  computed  r.s 


Equations  (16)  and  (17)  also  apply  to  complex  impedances;  however,  in 
this  case  the  reflection  coefficient  is  a complex  function  of  frequency 
given  by  the  ratio  of  the  frequency  spectra  of  the  reflected  and  incident 
pul ses . 


3.  CHARACTERISTIC  ADMITTANCE  MEASUREMENTS 

The  characteristic  admittance  matrix  of  an  N-wire  cable  can  be  deter- 
mined directly  or  indirectly  using  the  procedures  described  In  reference  19 
Both  procedures  apply  to  homogeneous  or  inhomogeneous  bundles  and  treat 
tne  cable  as  an  N-  port  network  with  an  input  admittance  matrix  equal  to 
the  characteristic  admittance  matrix  of  line.  These  parameters  are  equal 
for  times  less  than  the  round  trip  travel  time  on  the  line. 

a.  Direct  Method 

Direct  measurement  of  the  characteristic  admittance  is  performed  by 
driving  each  wire  of  the  bundle  in  turn  with  all  other  wires  grounded  at 
the  input.  Voltage  and  current  probes  are  used  to  measure  the  voltage 
pulse  on  the  driven  wire  and  the  current  pulses  on  all  wires.  Since  the 
pulse  shapes  are  the  same,  the  elements  of  the  admittance  matrix  can  be 
determined  from  the  amplitude  ratios  given  by 


y1j  " VVj 


Indirect  Metnoa 


i « 1,  2,  ....N 
j = 1,  2 N 


A conventional  TDR  is  used  for  indirect  measurements  of  the  charac- 
teristic admittance.  Formulas  for  the  diagonal  and  off-diagonal  elements 
of  the  characteristic  admittance  matrix  in  terms  of  measured  impedance 
values  are  given  in  reference  19  as: 

y^  = 1/2^  (diagonal ) (19) 

yi j = yj-j  » 1/2(1/Z?c  - l/z^  - 1/zJ,)  (off-c iagonal ) (20) 
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where  Z1^  is  the  measured  impedance  of  wire  i with  all  other  wires  grounded 
at  the  input  and  Z™j  Is  the  measured  impedance  of  wires  i and  j connected 
in  parallel  at  the  input  with  all  other  wires  grounded  at  the  input. 

4.  MODAL  AMPLITUDE  AND  VELOCITY  MEASUREMENTS 

On  an  infinitely  long  multiconductor,  the  forward  traveling  voltage  or 

current  pulse  on  each  wire  can  be  expressed  as  a sum  of  eigenmodes  of  the 

form  given  by  equation  (10)  where  the  product  has  been  replaced  by 

V . 
nm 


N 


(z,t) 

•E 

V' 

nm 

f(t 

• 2/#m> 

n = 1,2,. ..N 

(21) 

n 

m*l 

N 

(z.t) 

-E 

f(t 

- ZV 

n = 1,2, ...N 

(22) 

n 

m=l 

The  index  n denotes  the  wire  number,  m is  the  mode  number,  V1  is  the  modal 

nm 

voltage  amplitude  coefficient,  1^  is  the  modal  current  amplitude  coeffi- 
cient, and  v is  the  modal  velocity.  These  equations  apply  to  a lossless 
nondi spersi ve  line;  e.g.,  the  modal  velocities  are  constant  and  the  pulse 
shape  is  independent  cf  distance.  They  also  apply  to  a line  of  finite 
length  which  is  terminated  at  the  load  end  by  either  an  open  or  a short 
circuit,  when  all  reflections  after  the  first  are  ignored.  Since  a reflec- 
tion coefficient  of  ±1  at  the  end  of  the  line  reflects  all  modes  without 
distortion,  no  mode  conversion  occurs  on  reflection.  The  reflected  pulse 
of  voltage  or  current  incident  back  at  the  driving  point  is  given  by  equa- 
tions (21)  or  (22)  evaluated  at  z = 2L,  where  L is  the  line  length. 

For  an  arbitrary  input  pulse  at  z = 0,  the  reflected  pulse  is  seen  as 
a superposition  of  time  delayed  pulses  wnich  arrive  at  times 


t 


m 


2L/v, 


m 


(23) 


with  amplitudes  given  by  the  coefficients  and  ij,  of  equations  (21) 
and  (22)  . Tne  modal  velocities  are  found  from  equation  (23)  by  measuring 
tiie  arrival  times  t.  (round  trip  travel  times)  of  each  mode. 
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The  coefficients  V^m  and  1^  are  voltage  and  current  eigenvectors 
of  the  line  which  can  be  determined  by  recording  the  voltage  or  current 
pulse  train  described  by  equations  (21)  and  (2?)  at  a known  termination 
network.  No  mode  conversion  would  occur  at  the  termination  if  the  network 
were  matched  to  the  characteristic  impedance  of  the  line;  however,  this 
would  require  a complicated  matching  network  for  cables  containing  several 
wires.  A more  reasonable  approach  is  to  use  an  arbitrary  known  unmatched 
termination  and  to  correct  the  data  for  distortion  caused  by  mode  con- 
version at  the  termination.  This  is  easily  carried  out  since  it  is  known 
that  the  observed  pulse  is  just  the  sum  of  the  incident  and  reflected 
pulses . 

For  a two  conductor  line  of  characteristic  impedance  2 c the  voltage 
pulse  V,  measured  across  a load  of  impedance  ZL  is  given  by 


VL  = Vi  + pVi  = (1  + p)Vi 


(24) 


where  is  the  incident  pulse  amplitude  and  the  voltage  reflection  coef- 
ficient p is  given  by  equation  (16).  The  same  relationship  applies  to  an 
N-wire  multiconductor;  however,  for  this  case  the  impedances  used  in  equa- 
tion (16)  to  compute  the  reflection  coefficient  are  N x N matrices  and  the 
voltages  and  V..  are  N-dimensional  vectors  for  each  mode  of  propagation. 
Solving  equation  (24)  for  Vi  and  expressing  the  result  in  matrix  form 
gives 


CV, 


(I 


(25) 


where  I is  the  unit  matrix  and  [p]  is  on  N * N matrix  given  by 


[p]  = ([zL]  - [zc])([zL]  + [zc]r1 


Uc, 


where  the  subscripts  L and  c denote  the  termination  impedance  and  line 
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characteristic  impedance,  respectively.  The  eigenvectors  [V-i  ] are  deter- 

n m 

mined  from  equations  (25)  and  (26)  using  measured  terminal  voltages  for  each 
mode  on  each  wire  of  the  cable.  Similar  equations  apply  to  the  eigenvectors 
of  current.  In  this  case  the  order  of  multiplication  of  the  factors  which 
define  the  voltage  reflection  coefficient  given  by  equation  (26)  are  trans- 
posed and  the  polarity  is  reversed. 

5.  INDUCTANCE  AND  CAPACITANCE  MATRICES 

Relationships  between  the  inductance  and  capacitance  matrices  and  the 
characteristic  admittance,  modal  amplitudes  and  velocities  can  be  obtained 
directly  from  the  matrix  form  of  the  transmission  line  differential  equations 
given  by  equations  (1)  and  (2).  Rewriting  equations  (21)  and  (22)  in  matrix 
form  and  substitution  into  equations  (1)  and  (2)  leads  to 


' n-„„Hinri][vOT) 


rr  ] ■ re  hit  ]|>  i (28) 

L nmJ  L mnJL  nmJL  mm~  ' ' 

The  modal  velocity  matrix  [v  1 is  diagonal  in  form  with  the  modal  veloci- 

mm 

ties  vm  as  elements . 
m 

Equations  (27)  and  (28)  can  be  solved  for  the  inductance  and  capacitance 
matrices  of  the  line  to  give 

[Lm]  = (29) 

Er.J  ■ <30) 

These  equations  can  be  further  simplified  by  making  use  of  the  relation- 


© 


I- 


and 


[Vm]  - [zc  ][i;n] 

nm 


tPJ  ■ C*c  ][v:n] 

nm 


(31) 

(32) 


Substitution  of  these  expressions  into  equations  (29)  and  (30)  give  the 
L and  C matrices  of  the  line  in  terms  of  the  measured  characteristic 
impedance  Zc  or  admittance  matrix  Yc  and  the  measured  modal  velocities 
and  modal  current  or  voltage  amplitudes.  The  results  are 

c-JJ  * rzc  ]n;n][vrar’[i;„r' 

nm 


(33) 


^ HvynwrVj-' 

nm 


(34) 


It  is  not  necessary  to  measure  both  the  modal  voltage  and  modal  current 
since  if  either  L or  C is  known,  the  other  can  be  computed  from  the  equa~ 
tions 

^L„HVC  ^ tLM3*Uc  ][C;„][Zc  ] (35) 

nm  nm  nn  nm 

6.  EXPERIMENTAL  RESULTS  FOR  THREE-,  FOUR-,  AND  FIVE-WIRE 

LINES  OVER  A GROUND  PLANE 

a.  Three-Wire  Line 

For  purposes  of  demonstrating  the  validity  of  the  methods  described, 
a three-wire  cable  (over  a ground  plane)  20  meters  in  length  was  constructed 
using  wires  insulated  with  solid  polyethylene  (wire  =1),  neoprene  (wire  *2), 
and  rubber  (wire  #3).  The  wires  were  wrapped  with  a dielectric  tape  to 
insure  a constant  cable  cross  section  over  the  length  of  the  cable.  The 
cable  was  supported  with  Styrofoam  blocks  above  an  aluminum  ground  olane 
in  the  configuration  shown  in  fiaure  2. 
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Figure  2.  Three-Wire  Cable  (Over  a Ground  Plane)  Geometry 

(1)  Indirect  Measurements 

TDR  recordings  obtained  by  driving  each  wire  in  turn  with  the  others 
grounded  at  the  input  end  and  with  the  loao  end  open,  are  presented  in 
figure  3.  Similar  data  (not  shown)  was  recorded  with  wires  1 and  2,  2 
and  3,  and  1 and  3 connected  in  parallel  at  the  input.  The  results  were 
used  in  equations  (19)  and  (20)  to  obtain  the  diagonal  and  off-diagonal 
terns  of  the  characteristic  admittance  matrix.  The  reflected  pulses  shown 
in  figure  3a,  3b  and  3c  each  exhibit  three  time-delayed  step  functions 
corresponding  to  the  three  discrete  propagation  modes  on  the  line.  The 
measured  round  trip  travel  times  of  each  mode  and  the  known  line  length 
were  used  in  equation  (23)  to  determine  the  propagation  velocities. 

Measurement  of  the  voltage  eigenvectors  was  accomplished  by  driving 
one  of  the  wires  with  a short  duration  pulse  from  a 50  ohm  source  and 
terminating  the  ends  of  each  wire  in  50  ohm  resistive  loads.  Pulse  dis- 
tortion caused  by  the  stray  inductance  of  the  probe  ground  lead  and  the 
carbon  resistors  was  minimized  by  erecting  grounded  plates  at  right  ancles 
to  the  ground  plane  at  the  input  and  load  ends  of  the  line  (see  figure  A-l 
of  the  appendix).  This  provided  a very  low  impedance  to  the  ground  plane 
and  allowed  the  probe  ground  connection  and  resistor  leads  to  be  kept  to 
a minimum.  The  output  voltage  pulses  on  each  wire  were  recorded  using  a 


Figure  3.  Waveforms  measured  with  a time  domain  reflectometer  to 
determine  the  impedance  Zj-j  arid  the  modal  velocities. 
The  vertical  scale  is  20G  mc/div;  horizontal  scale  is 
6 ns/di v. 


high  impedance  voltage  probe  and  a 200  MHz  oscilloscope.  The  modal  ampli- 
tudes were  computed  from  the  measured  load  voltages  using  equation  (25). 
Only  one  set  of  data  was  required  to  determine  the  modal  matrix  of  line; 
however,  three  sets  were  obtained  by  driving  each  wire  in  turn  in  order 
to  determine  the  consistency  of  the  measurements.  The  recorded  pulse 
data  are  shown  in  fiaure  4. 


The  modal  matrix  normalized  to  the  first  element  in  each  column,  the 
modal  velocities  and  the  characteristic  impedance  matrix  determined  from 
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The  corresponding  per  unit-length  inductance  and  capacitance  matrices 
are: 


(a)  Wire  #1  Driven 


[L  ] = 
L nmJ 


*0.895 

0.468 

0.544 

44.33 

-18.88 

-20.19 

0.455 

0.924 

0.359 

uH/m 

^Cnm^ 

-19.40 

32.55 

- 3.54 
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* 
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-20.21 

- 3.77 

30.47 

pF/m 


(b)  Wire  #2  Driven 


0.893 

0.467 

0.539 

44.21 

-18.89 

-20.28 

[L  ] - 
nmJ 

0.456 
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pH/m 

^Cnm^ 

-19.46 
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to 
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(c)  Wire  # 3 Driven 


0.888 

0.469 

0.547 

44.35 

-18.97 

-20.18 

0.454 

0.924 

0.363 

pH/m 

^CnmJ  * 

-19.14 

32.35 

- 3.58 
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1 .01 
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The  elements  of  the  inductance  and  capacitance  matrices  are  seen  to  be 
In  good  agreement  for  each  of  the  three  driving  conditions  even  though 
some  elements  of  the  modal  matrices  were  Inaccurately  measured  due  to  the 
low  modal  amplitudes  of  some  modes.  This  consistency  indicates  that  the 
transformations  given  by  equations  (33)  and  (34)  are  tolerant  to  errors 
in  the  modal  matrix.  Large  errors  in  some  elements  of  the  modal  matrix 
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have  been  observed  to  have  only  a small  effect  on  the  accuracy  of  [l]  and 
[Cj.  The  propagation  of  errors  of  this  type  is  discussed  further  at  the 
eid  of  this  section. 

(2)  Direct  Measurements 

Direct  measurement  of  the  characteristic  admittance,  modal  currents, 
and  modal  velocities  was  also  carried  out  on  the  three-wire  line.  This 
technique  has  an  advantage  over  the  indirect  method  in  that  fewer  measure- 
ments are  required  and  all  data  are  recorded  at  the  driven  end  of  the 
cable  with  the  load  end  open  or  short  circuited. 

The  measurements  were  performed  by  driving  each  wire  in  turn  with  a 
voltage  step  and  recording  the  voltage  on  the  driven  wire  and  the  currents 
on  all  three  wires.  All  wires  but  the  driven  wire  were  grounded  at  the 
input  and  the  load  end  was  open  circuited.  For  this  example  It  was  pos- 
sible to  record  the  input  and  reflected  pulses  on  the  same  oscilloscope 
trace.  The  recorded  waveforms  are  shown  in  figure  5. 

The  pulse  amplitudes,  prior  to  arrival  of  the  reflections  were  used 
in  equation  (18)  to  compute  the  characteristic  admittance  matrix.  The 
modal  current  matrix  was  determined  by  measuring  the  modal  amplitudes 
in  the  reflected  pulse  and  correcting  for  the  effects  of  the  termination 
impedance.  For  this  case  the  termination  impedance  was  a 3 * 3 matrix 
with  a single  25  ohm  load  on  the  diagonal  element  of  the  driven  wire  and 
zeros  elsewhere.  The  set  of  modal  velocities  can  be  obtained  from  any 
one  of  the  recordings  by  measuring  the  time  delay  between  the  input  and 
reflected  pulses.  These  line  constants  were  then  used  in  equation  (33) 
to  determine  the  inductance  matrix,  and  in  equation  (35)  to  determine  the 
capacitance  matrix.  The  results  are  as  follows: 
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b.  Four-Wire  and  Five-Wire  Lines 

To  further  investigate  the  applicability  and  limitations  of  the  indirect 
time  domain  method,  measurements  were  carried  out  on  two  other  trans- 
mission line  configurations.  The  first  consisted  of  a 10  meter  section 
of  a four-wire  cable  constructed  by  adding  a fourth  wire  insulated  with 
cellular  polyethylene  to  the  three-wire  cable  geometry.  The  second 
was  20  meters  in  length  and  contained  a fifth  wire  of  semisolid  poly- 
ethylene which  was  added  to  the  four-wire  geometry.  The  cab;,  „ -os s - 
sections  are  shown  in  figures  6a  and  6b. 

The  methodology  used  to  make  the  measurements  and  to  perform  the 
calculations  was  the  same  as  that  used  for  the  three-wire  cable.  For 
the  four-wire  cable,  measurements  were  made  with  each  of  the  four  wires 
driven  in  turn.  To  avoid  duplication,  measurements  on  the  five-wire  line 
were  made  by  driving  only  one  wire  of  the  cable.  For  illustration,  a 
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(b)  Five-wire  cable 


Figure  6.  Cross  sections  of  four-wire  and  five-wire  cables 
(over  a ground  plane),  dimensions  in  centimeters. 
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Figure  Four-wire  and  Five-wire  line  input  voltage  pulse 
(Horizontal  Sens:  2 ns/Div) 


The  pulse  responses  of  figure  8 show  the  time  resolved  modal  components 
arriving  at  the  load  to  be  consistent  with  nondegenerate  propagation  on 
mul tlconductor  lines.  Some  interference  is  present  due  to  line  i rregularities 
and  the  nonideal  input  pulse  from  the  pulse  generator;  however,  the  reso- 
lution is  adequate  to  allow  identification  of  the  fi  modal  components  present 
on  each  wire  in  nearly  every  case. 


The  line  parameters  determined  experimental ly  for  the  four-wire  and 
five-wire  lines  are  as  follows: 
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Fioure  8.  Voltare  wavefoms  at  load  end  of  four- 
lines  (Horizontal  Sens:  5 ns/Div). 
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c.  Result  Summary  and  Error  Analysis 

The  multi  conductor  transmission  line  characteristics  of  the  three-, 
four-,  and  five-wire  lines  were  also  determined  from  swept  frequency 
measurements  using  the  technique  described  in  the  appendix.  These  results 
are  compared  in  tables  1,  2,  and  3 with  those  obtained  from  time  domain 
measurements.  The  frequency  domain  results  were  derived  from  averages 
of  several  independent  measurements  of  the  short  circuit  impedance  and 
open  circuit  admittance  matrices  in  the  0.1  to  2 MHz  frequency  range.  The 
parameters  obtained  from  the  indirect  time  domain  method  are  average  values 
for  the  different  driving  conditions  used. 

Comparison  of  the  frequency  domain  and  indirect  time  domain  results 
for  the  three-wire  line  shows  agreement  to  within  5 percent  for  the  induct- 
ance matrix  elements,  10  percent  for  the  capacitance  matrix  elements,  and 
7 percent  for  the  characteristic  impedance  elements.  The  set  of  param- 
eters obtianed  from  a single  application  of  the  direct  method  is  also  in 
good  agreement  with  those  from  the  indirect  method,  with  a maximum  dif- 
ference of  approximately  10  percent  in  the  elements  of  l,  C,  or  2^. 

Similar  comparisons  between  the  frequency  and  time  domain  methods  can 
be  made  for  the  four-  and  five-wire  parameters  listed  in  tables  2 and  3. 
However,  in  these  cases  the  agreement  is  not  as  good,  with  differences 
of  up  to  30  percent  observed  in  some  elements.  To  isolate  the  source  of 
this  difference,  an  error  propagation  analysis  was  performed.  The  goal  of 
this  analysis  was  to  determine  how  errors  in  the  measurement  of  the  voltage 
eigenvectors  and  the  TDR  reflection  coefficients  modify  the  calculated 
values  of  [L],  [C],  and  Uc3. 

To  determine  the  effects  of  an  inaccurate  measurement  of  the  voltage 
eigenvector  matrix  upon  the  calculated  inductance  and  capacitance  matrices, 
various  elements  in  the  measured  matrix  were  perturbed  and  then  the  [L] 
and  [C]  matrices  were  calculated.  A number  of  cases  were  considered.  In 
two  cases  a small  valued  element  was  replaced  with  zero  in  order  to  determine 
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Table  1.  COMPARISON  OF  THREE-WIRE  LINE  PARAMETERS  FROM  FREQUENCY 
DOMAIN  AND  TIME  DOMAIN  MEASUREMENTS 


Parameter 


Frequency  Domain 


0.884  0.484  0.535 


Time  Domain 
Indirect 


Time  Domain 


Direct 


It 


>1 


0.892  0.461  0.538  0.93  0.51  0.56 


[L  ](uH/m)  0,484  0,940  0,379  0,461  0,925  0,365  0,51  0,98  0,40 

nm  0.535  0.379  0.992  0.538  0.365  1.006  0.56  0.40  1.04 


46.48  -20.91  -20.55  44.30  -19.12  -20.30 


CCnm](pF/m)  -20.91  33.83  -4.15  -19.12  32.52  - 3.58  -20.0  32.4 

-20.55  - 4.15  31.0  -20.30  - 3.58  30.56  -19.0  - 3.9 


232.4  148.4  159.8  231.4  139.2  157.2  247  157  166 

[Zc  ](H)  148.4  237.9  121.3  139.2  230.6  112.5  157  249  126 

159.8  121.3  258.3  157.2  112.5  257.6  166  126  268 


(m/s  ) 

2.829xl08 

2.772xl08 

2 . 85x1 0' 

u2(m/s) 

2.178x10s 

2.187xl08 

2 . 24x1  O' 

v-j(m/s) 

2.009xl08 

2.028xl08 

2.04x10 

Table  2. 


COMPARISON  OF  FOUR-WIRE  LINE  PARAMETERS  FROM 
FREQUENCY  DOMAIN  AND  TIME  DOMAIN  MEASUREMENTS 


Parameter 

Frequency  Domain 

Time  Domain 

0.840 

0.490 

0.561  0.493* 

0.949 

0.598 

0.642 

0.582' 

0.490 

0.938 

0.396  0.489 

0. 598 

1 .033 

0.514 

0.591 

0.561 

0.396 

0.974  0.432 

0.642 

0.514 

1.031 

0.529 

0.493 

0.439 

0.432  0.855_ 

- 

0.582 

0.591 

0.529 

0.937_ 

' 57.26 

-18.75 

-22.75  -11. 59' 

~ 54.89 

-18.03 

-22.27 

-n.30" 

CCnm](pF/n) 

-18.75 

43.79 

-2.33  -15.82 

-18.03 

43.49 

-3.00 

-16.46 

-22.75 

-2.33 

34.99  -4.77 

-22.27 

-3.00 

35.65 

-5.81 

_-11.59 

-15.82 

-4.77  3 7 . 87_ 

j-H.30 

-16.46 

-5.81 

37 . 84_ 

' 218.7 

144.9 

161.1  142. 

4" 

'251.8 

176.1 

188.9 

172.9" 

[zc  ](n) 

144.9 

229.7 

122.7  143. 

8 

176.1 

259.3 

154.8 

175.4 

nm 

161.1 

122.7 

252.2  123. 

4 

188.9 

154.8 

274.8 

159.9 

142.4 

— 

143.8 

128.4  227. 

8 

172.9 

175.4 

159.9 

257.  S_ 

y^m/s) 

2.807* 

108 

2.865* 

108 

v2(m/s) 

2.338* 

108 

2. 357* 

108 

v3(m/s) 

2 . 147* 

108 

2.151* 

10s 

y4(m/s) 

1 .954* 

108 

1.986* 

108 
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Table  3.  COMPARISON  OF  FIVE-WIRE  LINE  PARAMETERS  FROM 
FREQUENCY  DOMAIN  AND  TIME  DOMAIN  MEASUREMENTS 
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the  sensitivity  of  the  calculated  matrices  to  low  amplitudes  and  inaccurately 
measured  modal  amplitudes.  In  other  calculations  single  elements  were  per- 
turbed by  amounts  ranging  from  8 to  17  percent,  and  as  a final  check  five 
elements  were  perturbed  before  the  calculations  were  made. 

The  conclusions  drawn  from  this  study  a'e  that  calculation  of  the  [Lj 
and  [C]  matrices  is  stable  with  respect  to  errors  in  the  measured  values 
of  the  voltage  eigenvectors.  Typically  a perturbation  of  10  percent  in  a 
single  element  of  a voltage  eigenvector  resulted  in  a difference  of  less 
than  1 percent  in  the  calculated  values  of  the  elements  of  the  [L]  and 
[C]  matrices. 

The  accuracy  with  which  the  indirect  time  domain  method  can  be  applied 
to  measure  [Z  ] Is  limited  by  the  accuracy  of  the  reflection  coefficients 
which  are  measured  from  the  TDR  records.  These  are  limited  by  noise  and 
line  irregularities  to  about  ±5  percent.  To  observe  the  effects  of  a 5 
percent  change  in  the  measured  value  of  the  reflection  coefficient  upon 
the  calculated  value  of  the  characteristic  impedance  matrix,  one  of  the 
measured  values  of  the  reflection  coefficient  was  increased  by  5 percent. 

The  corresp  indina  change  in  the  impedance  matrix  was  found  to  be  approxi- 
mately the  same  with  increases  of  from  3 to  8 percent  observed  in  indivi- 
dual elements. 

The  elements  of  the  Impedance  matrices  of  the  four-  and  five-wire  lines 
which  were  determined  using  the  indirect  time  domain  method  were  found  to 
be  consistently  larger  by  as  much  as  20  percent  when  compared  with  fre- 
quency domain  measurements.  To  observe  the  effect  of  these  larger  values 
on  the  calculated  [L]  and  [C]  matrices,  the  calculations  were  repeated 
using  the  [Z  ] determined  from  frequency  domain  techniques.  For  the  four- 
wire  line  this  resulted  in  a maximum  difference  of  3.3  percent  in  an 
element  of  the  [L]  matrix  and  7.6  percent  in  an  element  of  the  [C]  matrix 
when  compared  to  frequency  domain  results.  For  the  five-wire  line  these 
maximum  differences  were  found  to  he  -3.lv  and  -9.4ci  for  the  [L]  and  [C] 
matrices,  respectively. 
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Based  on  the  preceding  analysis,  it  Is  concluded  that  the  difference 
in  the  characteristic  impedance  matrix  determined  from  time  domain  and 
frequency  domain  measurements  Is  largely  responsible  for  the  discrepancy 
between  the  values  of  the  [L]  and  [C]  matrices.  It  appears  that  the 
limiting  factor  in  these  applications  is  the  accuracy  with  which  the 
characteristic  impedance  matrix  can  be  measured. 
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SECTION  IV 


PULSE  PROPAGATION  ON  BRANCHED  MULTI  CONDUCTORS 
FORMED  BY  UNIFORM  LIME  SEGMENTS 


1 . BACKGROUND 

Multiconductor  cable  runs  are  often  characterized  by  abrupt  changes 
In  Impedance  at  various  points  along  the  cable,  as  might  be  caused  by 
the  branching  of  some  wires  away  from  the  main  bundle  or  changes  in  the 
cable  cross  section  or  ground  plane  distances.  Cables  of  this  type  can 
sometimes  be  modeled  as  uniform  line  segments  with  constant  transmission 
line  properties  over  the  length  of  each  segment.  The  analysis  can  be 
carried  out  in  a manner  similar  to  that  for  a two-conductor  transmission 
line  except  that  the  characteristic  impedance  of  each  N-wire  segment  is 
an  N x N matrix  and  the  voltages  and  currents  are  N-dlmensional  vectors. 

Multiconductors  may  support  nondegenerate  or  partially  degenerate 
propagation  modes.  For  these  cases  the  voltages  and  currents  are  repre- 
sented as  sums  of  elgenmodes  of  the  line  as  given  by  equations  (21)  and 
(22).  Separate  N-dimensional  voltage  and  current  vectors  then  exist  for 
each  mode  of  propagation.  Multimode  analysis  is  further  complicated  by 
mode  conversion  at  a discontinuity.  For  example,  when  a discontinuity 
exists  between  a segment  which  supports  p modes  and  a second  segment 
which  supports  q modes,  each  mode  of  the  first  segment  will  excite  q 
modes  in  the  second.  A total  of  p x q modes  will  then  propagate  on  the 
second  segment,  each  with  a distinct  modal  velocity.  The  resultant  signal 
at  the  load  end  of  a segmented  multi  conductor  is  then  a superposition  of 
all  modal  components  present. 

The  analysis  of  branched  multiconductors  or  multi  conductors  which 
can  be  represented  by  uniform  line  segments  tan  be  performed  either  by 
(1)  computing  the  reflection  and  transmission  matrices  at  each  discontinuity 
or  by  (2)  computing  the  scattering  matrix  at  the  junction  of  uniform  line 


seyments.  The  first  method  is  a step-by-step  procedure  which  is  analogous 
to  methods  used  to  analyze  a two-conductor  line  and  is  simple  to  apply. 

The  second  is  a more  general  formulation  which  is  well  suited  to  computer 
calculations.  Both  methods  lead  to  identical  results. 

2.  ANALYSIS  USING  THE  REFLECTION  AND  TRANSMISSION  MATRICES 
a.  Methodology 

For  a multiconductor  line  which  is  composed  of  uniform  segments  the 
transmitted  and  reflected  signal  components  at  a discontinuity  are  deter- 
mined in  the  same  manner  as  for  a two-conductor  line.  At  each  discontinuity 
the  voltage  arid  current  vectors  are  represented  as  sums  of  the  incident 
and  reflected  signals  hy  the  equations 

LVn]1  ■ [Vn]'  + [V,/  (36) 

[!„]*  ■ [In]'  * 0n]r  (37) 

The  currents  and  voltages  are  related  by  the  characteristic  impedance  of 
the  adjacent  segments  by 

[V,,]1  - [z.Hy1  [V„]r  - -czc][i„]r  [Vn3t  ■ U^tyt  (38) 

The  super  scripts  i,  r,  and  t in  the  above  equations  refer  to  the  incident, 
reflected,  and  transmitted  signal  components.  [ Zc ] and  [ZL]  are  the 
characteristic  impedance  matrices  at  the  discontinuity  on  the  source  and 
load  sides,  respectively.  The  transmission  matrix  which  relates  the  inci- 
dent and  transmitted  signal  components  Is  obtained  by  eliminating  the 
reflected  signals  in  equations  (36)  and  (37)  and  solving  for  the  trans- 
mitted voltage  or  current.  This  gives  the  equation 

£»/  ■ Wj' 


(39) 


where 

[Ty]  - 2fZL]([ZL]  + [Z=])-1 

(40) 

and 

n„]‘  * ft.Kg' 

(41) 

where 

[Tj]  « 2([Zl]  + [Zc])"‘  [Zc] 

(42) 

The  corresponding  reflection  matrices  are  obtained  by 
results  back  into  equations  (36)  and  (37)  and  solving 
components.  This  gives 

substituting  these 

for  the  reflected 

C»„lr  * [p,]!*,!1 

(43) 

where 

[ov]  - ([ZL]  - [ZC))([ZL]  * LZ^)'1 

(44) 

and 

d„]r  - tP,]!!.]1 

(45) 

where 

[Pj]  = ([zL]  ♦ [zc])*1  ([ZL]  - [zc]) 

(46) 

These  relationships  are  seen  to  be  nearly  the  same  as  for  a two-conductor 
line.  The  only  difference  is  that  the  order  of  multiplication  of  the 

factors  which  define  the  current  transmission  and  reflection  matrices  is 

transposed. 

The  analysis  of  a branched  multi  conductor  proceeds  by  computing  the 
reflection  and  transmission  matrices  at  each  discontinuity.  The  trans- 
mitted voltage  or  current  vectors  at  a discontinuity  become  the  incident 
vectors  at  the  next  discontinuity  and  so  on  down  the  line.  When  multi- 
mode  propagation  exists,  each  incident  pulse  is  a superposition  of  time 

delayed  modes  and  each  must  be  treated  independently. 
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The  method  described  was  used  to  analyze'  the  branched  multi  conductor 
above  a ground  plane  shown  in  figure  9.  Several  cases  were  studied  by 
(1)  driving  a single  wire  of  each  segment  with  a pulse  generator  and 
measuring  the  voltages  at  each  load  and  (2)  driving  each  segment  with 
the  wires  connected  in  parallel  at  the  input  (common  mode)  and  measuring 
the  individual  wire  currents  in  short  circuit  terminations.  Examples 
of  the  analytical  procedure  followed  for  each  of  the  above  cases  are 
included. 

b.  Examples 

Case  1.  Prediction  of  pin  voltages  at  50-ohm  terminations  on 
the  three-  and  five-wire  segments.  Wire  #4  of  the 
two-wire  segment  was  driven  with  a voltage  step  from 
50-ohm  pulse  generator.  Wire  #5  was  terminated  in 
50  ohms  at  the  source  end. 

The  characteristic  impedance  matrices  required  in  equations  (40)  and 
(44)  to  compute  the  transmission  and  reflection  matrices  a1-  the  junction 
are 


and 


r 

o 

o 

1 

r 

CZiO]2  . 

ZL  = ^ 


(47) 


(48) 


where  [Z..]„  7 , are  the  characteristic  impedance  matrices  of  the  two-, 
three-,  and  five-wire  segments  of  the  branched  multiconductor.  The  off- 
diagonal  terms  of  the  partitioned  matrix  of  equation  (47)  are  zero  because 
the  two-wire  and  three-wire  line  segments  are  branched  at  right  angles  and 
no  cress  coupling  exists  between  segments. 
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The  voltage  waveforms  incident  on  the  junction  are  determined  by 
first  computing  the  input  voltage  on  each  wire  at  the  source.  For  the 
two-wire  segment  with  wire  #4  driven,  the  input  voltages  are  given  by 


s * IhiV 


(49) 


where  is 


the  generator  voltage  and  [Z. ,] 

1 J b 


is  the  source  impedance 


50  0 

0 50 


(50) 


The  two  modes  of  propagation  in  the  forward  direction  are  determined 
by  expanding  the  line  voltages  at  the  source  in  terms  of  the  eigenvectors 
of  the  line.  This  amounts  to  determining  the  constants  A and  B at  z = 0 
in  the  simultaneous  equations 


V 

A U(t  - z/vA) 

Vs 

= tVnm^2 

B U(t  - Z/Vg) 

» - 

s 

J 

The  coefficients  [V  ]0  are  elements  of  the  modal  matrix  of  the  two-wire 
nm  L 

segment,  defined  by  placing  each  eigenvector  of  the  line  in  a column  of 
the  modal  matrix.  The  velocities  v^  and  v^  are  the  corresponding  modal 
velocities  of  the  1-ine. 


The  voltages  incident  on  the  junction  are  given  by  equation  (51) 
evaluated  at  z = . The  incident  vectors  for  modes  A and  B are  then 
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x U(t-TB)  (52) 


where  = t^/v^,  Tg  = £g/vg  are  the  arrival  tines  of  modes  A and  B at 
the  junction. 

Each  incident  mode  [Vn]^  g given  by  equation  (52)  is  treated  inde- 
pendently in  equations  (39)  and  (43)  to  compute  the  transmitted  and 
reflected  pulses.*  The  transmitted  voltages  on  wires  1 through  5 for 
each  mode  are  then  expanded  in  terms  of  the  modal  matrix  [V  of  the 
five-wire  segment  and  the  reflected  voltages  on  wires  1 through  3 are 
expanded  in  terms  of  the  modal  matrix  Cvnm33  of  the  three-wire  segment 
following  the  same  procedure  as  used  to  define  the  modes  of  propagation 
on  the  two-wire  segment.  The  signal  incident  at  the  load  end  of  the 
three-wire  segment  is  the  superposition  of  six  terms  given  by  the  sum 

[Vn]A  + [Vn]B  n = 1 , 2 , 3 (53) 

where 

V1A  = C1AV11U^'T1A)  + + C3AV13U^*T3A>  (54) 

V2A  = ClAV21U't'TlA^  + 

V3A  = ClAC3r'(t"TlA^  + 


V1 

1 

0 

V1 

1 

0 

V2 

0 

V2 

0 

V3 

= 

0 

* U(t-TA); 

V3 

= 

0 

V4 

Avn 

V4 

B V12 

\ 

A 

_A 

,V5 

B 

B V22 

*The  transmitted  and  reflected  pulses  are  identical  on  wires  1,2,  and 
3 for  this  case  because  there  is  no  incident  pulse  on  these  wires. 


i 
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V1B  = C1BVllU^t'TlB^  + C2BV12U^t_T2B^  + C3BV13U^  t“T3B^ 


(55) 


V2B  = ClBV21U^t"TlB^  + 


V3B  = ClBV31U't_TlB)  + 


The  arrival  times  of  the  six  modes  at  the  load  are 


T1A  = TA  + Vvl 
T2A  = TA  + VV2 
T3A  = TA  + Vv3 


T2S  = TB  + 2'2/v2 
T3B  TB  + 5'2/v3 


(56) 


where  v^,  v2,  and  are  the  modal  velocities  on  the  three-wire  segment. 

The  load  voltages  (transmitted  voltages)  on  each  wire  are  computed 
from  equation  (15)  with  Zc  = C ^ ^ j 3 3 and  where  is  a 3 * 3 diagonal  matrix 
with  50  ohm  loads  for  elements.  The  calculation  is  performed  for  each 
of  the  six  modal  components  given  by  equations  (53)  and  (55). 

The  same  procedure  is  applied  to  the  five-wire  segment  with  the 
transmitted  junction  voltages  expanded  in  terms  of  the  modal  matrix 
[V  of  the  five-wire  line.  Since  each  of  the  incident  modes  A and 
B generate  five  new  modes,  the  voltage  incident  at  the  load  end  of  the 
five-wire  segment  is  the  superposition  of  10  modal  components  given  by 
the  sum 


•'n^A  + ^Vn^B 


n - 1,  2,  3,  4,  5 


(57) 
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where 


= DlAVnU^'TlA^  + ^2A^1  2^^~T2A^  + “*  + 


5AM5uvt_l5AJ 


V5A  = D1AV51U^t_Tl A^  + 


V1B  = V'll^lB*  + 


V5B  ' D5BV5lU(t'T5B)  + 


the  arrival  times  at  the  load  end  of  the  five-wire  segment  are 


TiA  = TA  + Vvl 


t1B  = TB  + Vvl 


T5A  = TA  + Vv5  t5B  = TB  + Vv5 

The  load  voltages  are  calculated  for  each  modal  component  in  the  same 
manner  as  for  the  three-wire  segment. 

Case  2.  Prediction  of  individual  wire  currents  at  short  circuit 
terminations  on  the  two-  and  five-wire  segments  when  the 
wires  of  tube  3 are  driven  in  parallel  (common  mode) 
with  a voltage  step  from  a 50-ohm  pulse  generator. 

For  this  case  the  potential  of  each  wire  of  the  three-wire  segment 
is  the  same  and  the  total  input  current  is  known.  The  individual  wire 
currents  at  the  source  are 


1 ; - 1, 


I 


where  the  [Y- J,  matrix  is  the  characteristic  admittance  of  the  three- 

I J O 1 

wire  segment  [Y.  .]_  = [Z.  •]!  • Since  the  total  current  is  just  the  sum 

1 J W 1 J w 

of  the  individual  wire  currents,  the  ratio  of  the  current  on  each  wire  to 
the  total  current  is  the  sum  of  the  admittance  elements  in  each  row 
divided  by  the  sum  of  the  elements  of  the  matrix.  The  latter  is  also 
equal  to  the  bulk  characteristic  admittance  of  the  line. 

The  analysis  from  this  point  Is  the  same  as  that  given  in  case  1 for 
the  voltages,  except  eigenvectors  of  current  are  used  in  the  modal  ex- 
pansions rather  than  eigenvectors  of  voltage.  The  current  and  voltage 
eigenvectors  are  related  by  the  equation 


[I  ] = [Y  ][V  ] 

u nmJ  L nmJL  mnJ 


(62) 


where  [Ynm]  is  the  characteristic  admittance  of  the  line  segment.  The 
transmission  and  reflection  matrices  for  current  are  given  by  equations 
(42)  and  (46).  No  mode  conversion  occurs  at  the  short  circuit  terminations 
of  the  two-  and  five-wire  Segments.  The  reflection  coefficient  is  +1  for 
all  modes  in  this  case  and  the  individual  wire  currents  for  each  incident 
mode  are  doubled  in  amplitude. 

3.  ANALYSIS  USING  THE  SCATTERING  MATRIX  OF  THE  JUNCTION 

For  distributed  circuits,  the  reflected  and  incident  waves  at  a junction 
can  be  related  by  a scattering  matrix  (ref.  20).  The  procedures  for  evalu- 
ating the  scattering  matrix  for  transmission  line  junctions  are  discussed 
in  detail  in  reference  5.  In  this  section  these  procedures  will  be  de- 
scribed briefly  and  the  scattering  matrix  for  a branched  multiconductor 
line  will  be  evaluated. 

For  the  junction  shown  in  figure  9,  the  incident  and  reflected  voltages 
for  a lossless  case  are  related  by  the  following  relation 
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(63) 


- 

( \ 

where  [V  '].,  i = 1,2,3  are  the  reflected  voltage  vectors  for  the  various 
n 1 / ,•  \ 

tubes  meeting  at  the  junction  and  [\r  ' ] . , i = 1,2,3  are  the  incident  volt- 
age vectors  for  the  various  tubes  meeting  at  the  junction.  The  size  of  the 

vectors  [V^re^]-  and  [V^].  is  equal  to  the  number  of  the  conductors  in 
n i n i 

the  tube.  The  components  of  these  vectors  represent  the  voltages  on  the 
individual  conductors.  [Sn(I)],  in  equation  (63),  is  the  scattering  matrix 
of  the  junction  which  is  considered  lossless.  For  the  junction  shown  in 
figure  9,  the  scattering  matrix  is  of  10  x 10  size. 


At  the  junction  where  there  are  several  tubes  interconnected  to  one 
another,  the  Kirchhoff's  current  and  voltage  laws  have  to  be  enforced  in 
order  to  evaluate  the  scattering  matrix  of  the  junction. 

Kirchhoff's  current  law  states  that  the  sum  of  the  current  flowing 
into  a node  is  zero.  For  the  case  where  n-j-th  wire  of  tube  1 is  connected 
to  the  n2~th  wire  of  tube  2 and  to  the  n^-th  wire  of  tube  k,  etc.,  then 


Cm),  * <W2 


- + * 0 


(64) 


whare  the  subscripts  on  the  parentheses  denote  the  tube  number  and  the 
subscripts  and  I denote  the  wire  number  in  the  tube.  Equation  (64)  can 
be  put  into  matrix  form,  i.e., 


Tube  1 Tube  2 

[0  0 1 . .0-0  0 1 . ,0l. 


Tube  k 

!0  0. ..  .1 


[I?]2 


,[1.]  ' 

L n 


!65) 


- [c] 


In  equation  (65)  all  elements  in  the  left  matrix  are  zero  unless  they 

correspond  to  the  conductors  which  are  connected  at  the  node.  For  Nc 

connections  within  the  junction,  there  are  Nc  equations  similar  to  equation 

(55),  and  we  can  define  the  junction  connection  matrix  [C,  ] so  that 

Anm 


[C,  ] 

nm 


nj 


1 


i . 


L[In]k- 


= [on] 


(66) 


where  [Cr  ] is  a N *M,  matrix,  and  M.  is  the  total  number  of  conductors 
L AnmJ  c j j 

connected  to  junction. 


Kirchhoff's  voltage  law,  for  the  case  of  simple  connections,  requires 
all  voltages  associated  with  each  conductor  to  be  the  same  at  the  same 
node.  Thus,  for  the  above  example,  we  have 


(Vn1>  - ‘Vn2>  * 0 


* 0 


(67) 


- ‘v2  = 0 

For  a consistent  set  of  connections,  there  are  M.-N  equations.  The 

J c 

above  equation  can  be  easily  written  in  matrix  form.  Let  us  denote  the 

correspondlno  matrix  as  [Cv  1 such  that 

vnm 


51 


ECy  1 

nm 


L 


where  [Cu  ] is  a (M.-N  )*K.  matrix. 
vnm  J c j 

At  the  junction  the  total  current  and  voltage  is  the  sum  of  the  two 
components,  i.e.,  the  incident  and  reflected  components  (ref.  20), 


[V*0]  * [v<re>] 


(' 


Using  equations  (66),  (68),  (69)  and  (70)  the  relation  between  the  re- 
flected and  incident  voltage  components  at  the  junction  can  be  written 


as 


[V(re>]  1 
" 1 

[V<re)] 


[v‘re)] 


kJ 


— — 

L-Cv  1 

-1 

[cv  1 

nm 

nm 

n 2 

[C;  HYC  ] 

[c>  ltY‘J 

I 

nm  nm 

nm  nm 

L 

^ n kJ 

From  equation  (71)  the  voltage  scattering  matrix  is 


(72) 


] 


— — 

-1 

_ — 

C-cv  ] 

[cv  1 

nm 

nm 

tC,  ][Y  ] 

nm  nm 

CCj  ][Y  ] 

nm  nm  J 

where  [Yr  ] Is  the  characteristic  admittance  matrix  of  the  junction, 
^nm 

[Yr  ] can  be  obtained  from  the  characteristic  impedance  matrix  [Zr  1. 
L c.im  Lnm 

The  matrix  [ZCpm]  contains  all  the  matrices  of  all  branches  involved  at 
the  junction  and  for  the  junction  shown  in  figure  9 it  can  be  expressed 
as 


rtzc 1 

nm  1 

[o  ] 

L nmJ 

[0  J 1 

nm 

rzc  3 - 

nm 

^Zcnm^2  ^°nm^ 

(73) 

r-°nm3 

tZc  V 

nm  J 

The  characteristic  impedance  matrix  [Zr  ] can  be  obtained  by  methods 

'-nm 

described  In  section  III. 

The  voltage  modal  amplitudes  Incident  at  the  junction  are  computed 
using  the  method  described  in  section  II.  From  equation  (63)  the  voltage 
amplitudes  reflected  in  different  branches  at  the  junction  are  obtained. 
The  method  of  analysis  described  in  section  II  is  used  to  compute  the 
voltage  waves  arriving  at  the  loads  in  different  branches  using  the  re- 
flected wave  in  the  branch  at  the  junction  as  excitations. 

As  mentioned  earlier,  multiple  modes  are  excited  on  a multi- 
conductor transmission  line  in  inhomogeneous  media.  Each  mode  reflected 
from  the  junction  or  the  load  excites  again  multiple  modes  in  the  branch. 
Thus,  using  the  analysis  described  in  this  paper  all  the  modes  excited 
at  different  times  can  be  calculated  and  by  following  the  step-by-step 
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procedure,  the  response  of  the  line  in  the  time  domain  can  be  obtained. 
It  should  be  noted  that  when  multiple  reflections  from  the  junction  and 
the  loads  are  considered,  the  number  of  modes  traveling  on  the  line  be- 
comes large.  In  some  cases,  some  of  the  weaker  modes  having  small 
amplitudes  can  be  neglected  for  multiple  reflections. 

4.  EXPERIMENTAL  RESULTS 


To  substantiate  the  theory,  a five-wire  cable  (over  a ground  plane) 
with  a two-wire  branch  was  constructed  and  tested.  Wires  insulated  with 
solid  polyethylene,  neoprene,  rubber,  foam  polyethylene  and  semisolid 
polyethylene  were  used  for  the  cable  construction.  The  configuration 
is  shown  in  figure  9.  The  cable  was  supported  with  Styrofoam  blocks 
above  an  aluminum  ground  plane.  The  cross-sectional  configuration  of  the 
five-wire  line  is  shown  in  figure  10.  The  wires  4 and  5 branch  cut  at 
a 90  degree  angle  at  8 meters  distance  and  the  wires  1 , 2 and  3 continue 
with  the  same  cross-sectional  configuration.  The  radii  of  the  conductors, 
r,  and  the  distance  between  the  centers  of  the  wires,  d^  are  as 

follows: 


r-j  = 0.1C3  cm 
r 2 = 0.062  cm 
r^  = 0.062  cm 
r^  = 0.111  cm 
r^  = 0.0125  cm 


d^  = O-70  cm 
= 0.54  cm 
dj^  3 0.69  cm 
d^g  = 0.60  cm 
d22  " 1-16  cm 


d^4  = 0.68  cm 
d£(j  * 1 .02  cm 
d^  = 0.93  cm 
d ^ ~ 0.49  cm 
= 0.59  cm 


The  transmission  line  characteristics  of  each  segment  were  determined 
from  previous  measurements.  The  three-  and  five-wire  characteristic  imped- 
ance matrices,  modal  velocities,  and  modal  matrices  are  given  in  tables  1 
and  3 of  section  III.  The  two  wire  segment  was  found  to  have  the  following 
characteristics: 
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Analysis  in  terms  of  the  scattering  matrix  requires  the  connection 
matrices  given  by 


[CT  ] = 


nm 
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0 
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0 
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0 

0 

0 

-1 


0 -1 


The  characteristic  impedance  and  the  scattering  matrix  are  shown  in 
table  4. 


The  voltage  measurements  were  obtained  by  recording  the  voltages  with 
a Tektronix  475  oscilloscope  using  a high  impedance  voltage  probe.  The 
upper  frequency  limit  of  the  recording  system  was  approximately  200  MHz , 
which  produced  some  low-pass  filtering  of  the  experimental  data.  Measure- 
ments of  the  current  pulses  were  obtained  by  replacing  the  voltage  probe 
with  a Tektronix  P 6022  200  MHz  clip-on  current  probe.  The  signal  source 
in  all  cases  was  a Tektronix  109  pulse  generator  with  a 175  nanosecond 
charging  line.  The  pulse  generator  rise  time  was  approximately  0.7  nano- 
seconds. 


Figure  11  shows  the  input  pulse  waveform  which  is  used  to  drive  the 
wires.  Figures  12  through  16  show  the  comparison  of  voltage  waveforms 
recorded  at  the  load  ends  of  tubes  2 and  3,  when  wire  4 of  tube  1 is 
driven,  with  the  waveforms  computed  using  the  analysis  described  in  this 
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Table  4.  BRANCHED  MULT  I CONDUCTOR  CHARACTERISTIC  IMPEDANCE  AND  SCATTERING  MATRICES 
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Figure  12.  Voltage  waveform  at  the  load  end  of  wire  1 of  tube  2,  with 
wire  4 of  tube  1 driven.  Vertical  scale  is  0.2  V/div; 
horizontal  scale  is  5 ns/div. 
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Figure  14.  Voltage  waveform  at  the  load  end  of  wire  3 of  tube  2',  with 
wire  4 of  tube  1 driven.  Vertical  scale  Is  0.2  V/dlv; 
horizontal  scale  Is  5 ns/diy* 


r r 


I 


4 I 


r*T 


-f— 4- 


Figure  15.  Voltage  waveform  at  the  load  end  of  wire  4 of  tube  3, 

with  wire  4 of  tube  1 driven.  Vertical  scale  is  0.5  V/div 
horizontal  scale  is  5 ns/di v. 


Figure  16.  Voltage  waveform  at  the  load  end  of  wire  5 of  tube  3,  with 
wire  4 of  tube  I driven.  Vertical  scale  is  0.5  V/div; 
horizontal  scale  is  5 ns/div. 


section.  These  waveforms  have  been  filtered  to  simulate  the  200  MHz 
bandwidth  of  the  oscilloscope  for  comparison  of  the  measured  and  pre- 
dicted responses.  The  unfiltered  waveforms  clearly  show  the  times  of 
arrival  of  different  modes.  Figures  17  through  23  show  the  comparison 
of  voltage  waveforms  recorded  at  the  load  ends  of  tubes  1 and  3,  when 
wire  1 of  tube  2 is  driven,  with  the  waveforms  computed.  Figures  24 
through  31  show  the  comparison  cf  voltage  waveforms  recorded  at  the  load 
ends  of  tubes  1 and  2,  when  wire  4 of  tube  3 is  driven,  with  the  waveforms 
computed. 

The  computed  waveforms  in  figures  1?  through  31  have  been  obtained 
by  assuming  an  ideal  step  function  voltage  pulse  as  the  input.  The  com- 
parison in  figures  12  through  31  shows  that  the  predicted  waveforms  agree 
very  closely  with  the  measured  waveforms.  Note  that,  in  figures  12  through 
16,  predicted  waveforms,  after  being  filtered  for  the  200  MHz  bandwidth 
of  the  oscilloscope,  are  of  a shape  which  is  similar  to  the  measured  wave- 
forms. The  predicted  amplitudes  of  different  modes,  and  their  times  of 
arrival,  compare  closely  with  those  of  the  measured  data.  The  predicted 
waveforms  for  the  actual  input  pulse  can  be  obtained  by  applying  the 
method  of  convolution.  These  figures  show  that  the  waveforms  obtained 
by  using  the  analysis  described  in  this  section  agree  very  closely  with 
the  measured  waveforms. 

The  waveforms  of  current  recorded  with  the  three-wire  section  driven 
in  the  common  mode  are  presented  in  figures  32  through  36  for  the  five-wire 
segment  and  figures  37  and  38  for  the  two-wi re  segment.  The  first  reflec- 
tions, which  arrive  after  approximately  60  nanoseconds  are  included  in  the 
predicted  waveforms  of  figures  32  through  36.  The  reflections  are  from 
the  junction  and  from  the  end  of  the  two-wire  segment  and  arrive  at  the 
measurement  point  at  approximately  the  same  time.  Similar  results  (not 
shown)  were  obtained  by  driving  the  two-  and  five-wire  ends  in  the 
common  mode. 
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Figure  17.  Voltage  waveform  at  the  load  end  of  wire  1 of  tube  1,  with 
wire  1 of  tube  2 driven.  Vertical  scale  is  0.5  V/div; 
horizontal  scale  is  10  ns/div. 


Figure  18.  Voltage  waveform  at  the  load  end  of  wire  2 of  tube  1,  with 
wire  1 of  tube  2 driven.  Vertical  scale  is  0.5  V/div; 
horizontal  scale  is  10  ns/div. 


Figure  19.  Voltage  waveform  at  the  load  cr.d  of  wire  2 of  tube  1,  with 
wire  1 of  tube  2 driven.  Vertical  scale  is  0.5  V/div; 
horizontal  scale  is  10  ns/div. 
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Figure  20.  Voltage  waveform  at  the  load  end  of  wire  4 of  tube  1 with 
wire  1 of  tube  2 driven.  Vertical  scale  is  0.2  V/div; 
horizontal  scale  is  10  ns/div. 


Figure  21.  Voltage  waveform  at  the  load  end  of  wire  5 of  tube  1 with 
wire  1 of  tube  2 driven.  Vertical  scale  is  0.1  V/div; 
horizontal  scale  is  10  ns/div. 


Figure  22.  Voltage  waveform  at  the  load  end  of  wire  4 cf  tube  3 with 
wire  1 of  tube  2 driven.  Vertical  scale  is  0.1  V/div; 
horizontal  scale  is  5 ns/div. 
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Figure  23.  Voltage  waveform  at  the  load  end  of  wire  5 of  tube  3 with 
wire  1 of  tube  2 driven.  Vertical  scale  is  0.05  V/div; 
horizontal  scale  ’S  5 ns/di v. 


Figure  24.  Voltage  waveform  at  the  load  end  of  wire  1 of  tube  1 with 
wire  4 of  tube  3 driven.  Vertical  scale  is  0.1  V/div; 
horizontal  scale  is  5 ns/div. 


Figure  25.  Voltage  waveform  at  the  load  end  of  wire  2 of  tube  1 with 
wire  4 of  tube  3 driven.  Vertical  scale  is  0.1  V/div; 
horizontal  scale  is  5 ns/div. 
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Figure  26.  Voltage  waveform  at  the  load  end  of  wire  3 of  tube  1 with 
wire  4 of  tube  3 driven.  Vertical  scale  is  0.1  V/ di v ; 
horizontal  scale  is  5 ns/div. 


Figure  27.  Voltage  waveform  at  the  load  end  of  wire  4 of  tube  1 with 
wire  4 of  tube  3 driven.  Vertical  scale  is  0.5  V/div; 
horizontal  scale  is  5 ns/div. 


Figure  28.  Voltage  waveform  at  the  load  end  of  wire  5 of  tube  1 with 
wire  4 of  tube  3 driven.  Vertical  scale  is  0.5  V/div; 
horizontal  scale  is  5 ns/div. 


Figure  30.  Voltage  waveform  at  the  load  end  of  wire  2 of  tube  2 with 
wire  4 of  tube  3 driven.  Vertical  scale  is  0.  1 V/div; 
horizontal  scale  is  5 ns/div. 
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Figure  31.  Voltage  waveform  at  the  load  end  of  wire  3 of  tube  2 with 
wire  4 of  tube  3 driven.  Vertical  scale  is  0.1  V/div 
horizontal  scale  is  5 ns/div. 
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Figure  32.  Current  waveform  at  short  circuit  termination  on  wire  1 of 
tube  1 with  tube  2 driven  in  the  common  mode.  Vertical 
scale  is  20  ma/div;  horizontal  scale  is  10  ns/div. 


Figure  33.  Current  waveform  at  short  circuit  termination  on  wire  2 

of  tube  1 with  tube  2 driven  in  the  common  mode.  Vertical 
scale  is  20  ma/div;  horizontal  scale  is  10  ns/div. 
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Figure  34.  Current  waveform  at  short  circuit  termination  on  wire  3 of 
tube  1 with  tube  2 driven  in  the  common  mode.  Vertical 
scale  is  20  ma/div;  horizontal  scale  is  10  ns/div. 
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Figure  35.  Current  waveform  at  short  circuit  termination  on  wire  4 of 
tube  1 with  tube  2 driven  in  the  common  mrde.  Vertical 
scale  is  20  ma/div;  horizontal  scale  is  10  ns/div. 
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Figure  36.  Current  waveform  at  short  circuit  termination  on  wire  5 

of  tube  1 with  tube  2 driven  in  the  common  mode.  Vertical 
scale  is  20  ma/div;  horizontal  scale  is  10  ns/div. 
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Figure  37.  Current  waveform  at  short  circuit  termination  on  wire  4 of 
tube  3 with  tube  2 driven  in  the  common  mode.  Vertical 
scale  is  10  ma/div;  horizontal  scale  is  10  ns/div. 
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Figure  38.  Current  waveform  at  short  circuit  termination  on  wire  5 of 
tube  3 with  tube  2 driven  in  the  common  mode.  Vertical 
scale  is  10  ma/div;  horizontal  scale  is  10  ns/div. 
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Low-level  signals  were  used  In  the  current  pulse  measurements  and 
consequently  the  slgnal-to-noise  ratio  was  lower  than  for  the  voltage 
pulse  measurements.  Some  noise  pickup  was  observed  due  to  the  undesir- 
able electric  field  response  of  the  current  probe;  however  this  did  not 
seriously  effect  the  data  and  agreement  with  predictions  was  found  to  be 
satisfactory  In  all  cases. 

5.  ANALYSIS  OF  CABLE  NETWORKS 

a.  Background 

The  analytical  concepts  presented  for  the  simple  branched  cable  also 
apply  to  more  complicated  networks  containing  several  branches.  The 
direct  time  domain  analysis  discussed  in  section  IV. 2 leads  to  a solution 
for  the  voltage  or  current  time  function  at  a given  point  in  the  network 
which  is  a superposition  of  all  possible  modes  arriving  at  that  point. 

This  approach  Involves  simple  analytical  concepts  and  is  readily  applied 
to  the  early  time  pulse  response  of  a cable  network.  However,  as  time 
progresses  the  pulse  amplitude  at  any  given  time  depends  on  an  increasing 
number  of  superimposed  modes  caused  by  multiple  reflections  from  the 
branch  and  end  points,  with  each  reflection  and  transmission  accompa- 
nied by  mode  conversion.  Direct  time  domain  analysis  in  this  case 
becomes  complicated  and  requires  elaborate  computational  schemes  to 
keep  track  of  the  amplitudes  and  arrival  times  of  the  several  modal 
components  present. 

b.  Special  Case  of  a Network  Modeled  with  Single  Conductor  Line 
Segments 

Interest  In  the  response  of  a multiconductor  to  EMP  excitation  is 
often  limited  to  common  mode  propagation  on  the  bundle.  Multiconductor 
segments  can  then  be  modeled  as  equivalent  single  conductors  with  charac- 
teristic impedances  which  are  determined  by  the  equivalent  single  conductor 
radius  of  the  bundle  (ref.  21).  This  greatly  simplifies  the  analysis 
which  is  a special  case  of  the  more  general  multiconductor  analysis  pre- 
sented in  sections  IV. 2 and  IV. 3. 
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To  validate  the  analytical  concepts  that  have  been  discussed  and  to 
provide  experimental  data  for  the  verification  of  prediction  codes  under 
development  by  other  contractors,  the  pulse  response  of  a simple  trans- 
mission line  network  which  supports  only  a single  propagation  mode  (common 
mode)  was  determined  experimentally.  The  results  were  compared  with  the 
calculated  response  obtained  from  a direct  time  domain  analysis  of  the 
network. 

The  network,  shown  in  figure  39,  was  constructed  of  1.58  cm  diameter 
copper  pipe  in  the  form  of  an  "H"  with  legs  4.57  and  7.62  meters  in 
length  separated  by  a 3.05  meter  cross  member.  The  configuration  was 
supported  by  Styrofoam  blocks  3.8  cm  above  an  aluminum  ground  plane. 

Measurements  of  the  voltage  at  the  input  and  the  load  voltages  across 
50  ohm  loads  at  the  end  of  each  leg  were  obtained  using  impulse  and  step 
function  input  pulses  to  drive  the  network.  Relatively  long  time  base 
(100  ns)  oscilloscope  traces  were  recorded  to  show  the  multiple  reflec- 
tions from  the  two  junctions  and  four  end  points.  The  impulse  response 
data  was  primarily  for  verification  of  the  time  of  arrival  of  the  various 
reflected  pulses  at  each  measurement  point.  The  step  function  data  was 
obtained  primarily  for  pulse  amplitude  measurements. 

Time  domain  analysis  of  the  network  was  carried  out  with  the  aid  of 
a multiple  reflection  diagram  (ref.  22).  Multiple  reflections  and  the 
construction  of  multiple  reflection  diagrams  are  discussed  in  more  de- 
tail in  section  VI. 3.  The  six  reflection  coefficients  through  pj. 
that  are  required  for  the  calculations  were  computed  from  equation  (16). 
The  line  characteristic  impedance  is  the  same  for  each  segment  and  was 
determined  to  be  150  ohms  from  TOR  measurements.  The  load  impedance 
at  each  junction  is  75  ohms,  given  by  the  parallel  impedance  of  the  two 
segments  which  leave  the  junction.  The  reflection  coefficients  for  pulse 
propagation  in  the  forward  direction  (away  from  the  pulse  generator) 
are  then 
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A . 150  - 50  . n , 
p0  ‘ 1 50  + 50  ' u,? 


75  **  150  _ ri  O O T 
P1  " p2  * 75  + ISO  " ’ 0,333 


- 50  - 150  _ n c 

p3  ‘ p4  " p5  “ 50  + 150  ‘ 0,5 

The  amplitude  and  arrival  time  of  the  first  four  signal  components  at  each 
measurement  point  are  listed  as  follows: 

Measruement  Point  A 


iponent. 

TOA  (ns) 

Ampl i tude 

Voltage 

0 

C 

(l+P0)Vg 

6.00 

1 

20.4 

(l-P0)P1(l+pQ)Vg 

-1.00 

2 

30.5 

(l-pQ)(l+P1)p3(l+P1)(l+P0)Vg 

-0.67 

3a 

40.7 

( 1 -Pq)  ( T+P-J  )p2(  1+Pi  )(1+P0)V9 

-0.44 

3b 

40.7 

(l-P0)Pl  ( — Pq  ^ P "]  (1+Pg)V9 

-0.17 

3c 

40.7 

(1-P0)(1+P1)P3P1P3(1+P1 )(l+P0)Vg 

-0.11 

-0.72 
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Measurement  Point  B 


Component 

TOA  (ns) 

Amplitude 

Voltage 

0 

0 

(1+P3)(1+P1)(l+pQ)Vg 

2.00 

1 

10.2 

(1+P3)p1P3(l+P1)(1+pQ)Vg 

0.33 

2a 

20.4 

(1+P3)(1+p^ ) ^ +P-j  )O+0g)Vg 

-0.44 

2b 

20.4 

(1+P3)(1+P1 )(-P0)Pi (l+po)v9 

0.33 

2c 

20.4 

(1+P3)P1P3P1P3(1+P1 )(l+pg)Vg 

0.06 

-0.06 

3a 

30.5 

(1+P3)p1P3(1+P1)p2(1+P1)(l+P0)Vg 

-0.07 

. 

3b 

30.5 

(1+p3)(1+p1)p2( l+P1)p3(1+P1)(l+P0)Vg 

0.15 

3c 

30. 5 

(1+P3)P1P3(1+P1)(-P0)P1(1+P0)  Vg 

0.06 

- 

3d 

30.5 

( 1+p3) (1+P1  )(~Po)^+pl  )p3(1+P-j  ) (l+Pg)VP 

0.22 

3e 

30.5 

(1+p3)(p1o3)3(1+P1 )(l+pQ)Vg 

0.01 

0.37 
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Measurement  Point  C 


jonent 

TOA  (ns) 

Amp! itude 

Vol tage 

0 

0 

(Hp4)(Hp2)(UpiMUpo)V9 

1 .34 

1 

10.2 

(1+P4)(1+P2Ki+P1)P3(1+PiKi+P0)V9 

-0.44 

2a 

20.4 

( 1 +P4)  P2P4C'I+P2^  ( 1+P1 H 1 +pq)  Vg 

0.22 

2b 

20.4 

n+p4)O+P2)PiP2(1+p1)(Up0)Vg 

0.15 

2c 

20.4 

(i+P4)(i+P2)0+P1)(-Po)Pin+P0)Vg 

0.22 

2d 

20.4 

(1+P4)(1+P3)O+Pl)p3Plp3(1+pl)O+P0)Vg 

-0.08 

0.51 

3a 

30.7 

(Up4)(Hp2)P5O+P2)^+Pl)(Up0)Vg 

-0.44 

3b 

30.7 

0+P4)p2P4^+p2)(1+P1)p3(1+Pl)(1+P°)V? 

-0.08 

3c 

30.7 

(l+P4)(l+P2)PiP2^+p1)p3(Up1)(1+P0)V9 

-0.05 

3d 

30.7 

(1+P4)(i+P2)O+P1)P3(1+Pl)p2(1+Pl)(1+P0)V9 

0.10 

3e 

30.7 

(i+P4)0+P2)0^1)p3n+P1)l-Po^i(1+po)V9 

-0.08 

3f 

30.7 

(1+P4)(1+P2)(l+P1)(-P0)O+Pl)p3(1+pl)(1+P0)V9  °-15 

39 

30.7 

(1+P4)(1+P2)(1+Pl)P3plp3plp3O+Pl)(1+P0)'/9 

-0.01 

-0.41 
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Measurement  Point  D 


Component 

TOA  (ns) 

Amplitude 

0 

0 

( 1 +Pg ) ( l+p2 ) ( 1+P-j  )(1+Pq)Vo 

1 

10.2 

(l+pgKl+pgHl+Pi  )p3(  l+Pi ) ( 1+Pq)  Vg 

2a 

20.4 

(l+P5)O+P2)P4(1+P2^1+p1^'1+p0^9 

2b 

20.4 

(1+pg)  ( 1+p2 ) P-j  P2  ( ^ )0+Pq)v9 

2c 

20.4 

(1+P5)(1+P2)(1+P1 )p3p1p3(1+Pi ) ( l+p0) Va 

2d 

20.4 

(l+P5)(l+P2)(l+p-j  )(-PQ)p-|(l+P0)Vg 

3a 

30.7 

( l+p5 ) p2p5 ( 1 +p2 ) ( l+^i ) (l+Pg)Vg 

3b 

30.7 

(1+p5)  (1+P2)p4(1+P2)(T+P1)p3(  1+P-j)  O+P0)Vg 

3c 

30.7 

(1+p5)(1+P2)p1P2(1+Pi  )p30+Pi  )(1+Pq)v9 

3d 

30.7 

( l+P5)(l+P2)(  1+P-j  )p3(  1 +0^ )p2 ( 1+P-|  )(',,t,po)V9 

3e 

30.7 

( i+p5)  ( i+p2)  ( 1 +0i  )p3O+pi)(-p0'pi  0+Po^Vg 

3f 

30.7 

(l+P5)(l+P2)(l+p1  )(-P0)(l+P-|  )p3(l+?i)(l+Oo)v9 

3g 

30.7 

(l+P5)(l+p2)(l+P-i  )p3P1P3P-ip3(  1+P-j  )('!+Oo>V9 
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The  Input  impulse  and  step  function  pulses  used  to  drive  the  network 
are  shown  in  figure  40.  Figure  41  shows  the  network  response  recorded  at 
each  of  the  four  measurement  points  A through  C identified  in  figure  39. 

The  predicted  step  function  response  for  the  first  40  nanoseconds  is  included 
for  comparison  and  is  found  to  be  in  satisfactory  agreement  with  the  measure- 
ments . 


Figure  40.  Pulse  generator  output  signals; 

vert,  sens:  1 v/div,  horiz.  sens: 
2 ns/div,  50H  termination. 
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SECTION  V 

APPLICATIONS  TO  MULTICONDUCTOR  CHARACTERIZATION  1.7  SITU 

1 . INTRODUCTION 

Frequency  domain  methods  for  measurement  of  the  L and  C matrices  of 
multi  conductors  have  been  reported  previously  (ref.  23).  A complete 
description  of  the  methodology  is  Included  in  the  appendix.  The  technique 
is  useful  for  laboratory  measurements  on  cable  mockups;  however,  it  is 
generally  not  suitable  for  measurements  in  situ,  because  of  its  suscepti- 
bility to  errors  caused  by  stray  capacitance  and  inductance.  Complex 
loads  due  to  multipin  cable  connectors,  cable  clamps,  ground  leads,  etc., 
which  are  encountered  in  most  cable  installations  behave  in  the  frequency 
domain  as  distributed  loads  which  affect  the  line  parameter  dat'  over  a 
wide  frequency  range. 

The  alternate  methods  for  multi  conductor  line  characterization  devel- 
oped in  section  III  use  time  domain  techniques.  These  techniques  provide 
a direct  measurement  of  the  characteristic  admittance  matrix  and  are 
applicable  to  any  cable  or  cable  segment  that  has  one  end  accessible. 

Time  domain  methods  are  well  suited  tr  -leasurements  in  situ  because  the 
pulse  response  of  a complex  load  locate  at  the  input  or  elsewhere  along 
the  line  .s  isolated  in  time  and  can  be  n ved  from  the  cable  response 
data. 

2.  CABLE  INTERFACE  REFLECTIONS 

Time  domain  refl ectometry  measurements  in  jit'u  usually  involve  a non- 
ideal interface  which  must  be  made  between  the  multipin  connector  attached 
to  the  cable  under  test  and  the  reference  line  of  the  time  domain  reflec- 
tometer.  In  a typical  connection,  stray  inductance  is  introduced  by  the 
connector  pins  and  by  the  ground  strap  which  joins  the  shield  of  the 
coaxial  reference  cable  and  the  ground  reference  of  the  multi  conductor, 
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Stray  capacitance  is  also  present  due  mainly  to  the  metallic  shell  of  the 
cable  connector.  The  complex  impedance  of  a typical  interface  can  be 
modeled  approximately  as  a lumped  constant  series  inductance  and  shunt 
capacitance.  An  equivalent  circuit  of  this  model  is  shown  In  figure  42  . 

The  lumped  parameter:  L and  C represent  the  stray  inductance  and  capaci- 
tance of  the  interface  connection.  The  complex  impedance  which  loads 
the  TDR  reference  cable  is  obtained  from  the  equivalent  circuit  of  figure 
42  and  is  given  by 

Z. 

z = jwL  + 1 (74) 

1 1 + juCZL 


TDR 

Generator 


Figure  42.  Cable  Interface  Approximate  Equivalent  Circuit 
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The  complex  reflection  coefficient  is  given  by  equation  (16)  with  Z..  from 
equation  (74)  substituted  for  Z^.  The  pulse  reflected  by  the  complex  load 
Is  computed  by  evaluating  the  Inverse  Fourier  transform  of  the  reflected 
signal  Vr(w)  which  is  given  in  the  frequency  domain  by 


VrU)  = p(ai)V .j  (ui) 


(75) 


where  V^u)  is  the  frequency  spectrum  of  the  input  pulse.  The  solution  of 
(75)  for  an  ideal  unit  step  input  is  readily  obtained  since  In  this  case 

Vj(w)  * l/(jw). 

The  results  for  critically  damped,  underdamped,  and  overdamped  con- 
ditions are  given  in  terms  of  the  decay  constants  k,  = 1/{Z„C),  k,  = Z„/L 
and  a Z^/L  by  the  following  equations: 

Critically  damped  case  (k]  + k2)2  = 4<1(k2  + k3) 
vr(t)  = R + [(1-R)  + A^je 

o]  = (k]+k2)/2,  A1  = (k1-3k2-2a]R)/2 


where 


Undei 


■damped  case  (k-|  + k2)2  < 4k,  (k2  + k3) 


where 


— Otrjt  — Clot 

vr(t)  = R + (1-R)  e c cos62t  + (A2/32)  e sinS2t 


a2  = (ki+k2^2,  A2  = krk2"a2^  + 

B2  * [4k , (k2+k3)  - (k1+k2)2]1/2/2 


(76) 


(77) 


-1 
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Overdamped  case  (k^  + k2)  > 4k-j  ( kg  + k^) 

-a,t  -S»t 

vr(t)  = R + A3e  J - A4e  J (78) 

where 

a3  = (k1+k2)/2  + [(k]+k2)2  - 4k1(k2+k3)]1/2/2 
83  - (k1+k2)/2  - C(k]+k2)2  - 4k1(k2+k1)]1/2/2 
A3  = (a3-k-|+k2+R83)/ (a3*33) 

A4  = (B3-k^+k2+Ra3)/(a3-83) 

The  constant  R In  the  above  equations  Is  just  the  reflection  coefficient 
R = (Zl-Zq)/(Zl+Z0)  that  would  exist  for  an  ideal  interface.  The  non- 
ideal Interface  is  seen  to  produce  an  exponentially  damped  transient  which 
decays  to  the  constant  R with  a characteristic  time  governed  by  the  magni- 
tude of  the  stray  L and  C of  the  interface. 

Examples  of  interface  reflections  calculated  from  equations  (76) 
through  (78)  for  a range  of  stray  capacitance  and  inductance  values  that 
are  typical  of  actual  multipin  cable  connectors  are  shown  in  figure  43. 

The  calculations  are  for  capacitances  of  10  and  50  picofarads  and  inductances 
of  10,  20  and  50  nanohenries,  with  an  ideal  unit  step  input  pulse  driving  a 
50  ohm  reference  cable  terminated  in  a 50  ohm  load.  The  reflection  in  each 
case  is  characterized  by  an  initial  positive  step  which  decays  exponentially 
or  is  exponentially  damped  and  approaches  the  constant  value  R. 

The  effect  of  a nonideal  step  input  with  a finite  risetime  is  to 
reduce  the  amplitude  and  round  off  the  initial  positive  spike  of  the  re- 
flected pulse.  Examples  for'  an  input  pulse  with  a 0.2  nanosecond  linear 
rise  are  shown  in  figure  44  for  the  same  range  of  stray  impedance  as  used 
to  obtain  the  results  of  figure  43. 
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Figure  43.  Typical  Interface  Reflections  for  an  Ideal  Step  Input 
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1 2 3 4 5 

Time  (ns) 

(b)  10*10"^  F Stray  Capacitance 

Figure  44,  Typical  Interface  Reflections  for  a Nonideal  Step  Input 
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Measurements  on  some  actual  aircraft  cable  connectors  with  all  of  the 
pins  connected  In  parallel  are  presented  in  figure  45.  The  transient 
response  In  each  case  Is  seen  to  closely  approximate  that  predicted  by 
the  lunped  constant  L-C  network  of  figure  42.  The  upper  trace  is  for  a 
Hughes  Aircraft  158-pin  rectangular  connector  which  exhibits  an  unusually 
large  capacitance. 

Examples  of  interface  reflections  In  which  the  load  Impedance  ZL  Is 
not  equal  to  the  characteristic  Impedance  of  the  reference  cable  are  shown 
in  figure  46 . These  examples  correspond  to  an  interface  with  a stray  in- 
ductance of  20  nanohenries  and  a stray  capacitance  of  20  picofarads  con- 
nected between  a 50  ohm  reference  cable  and  loads  in  the  10  ohm  to  200 
ohm  range.  The  input  was  assumed  to  be  a nonideal  step  with  a linear 
rise  of  0.2  nanoseconds. 

The  results  of  this  study  show  that  the  stray  inductance  and  capaci- 
tance caused  by  typical  multipin  connectors  introduces  an  exponentially 
damped  transient  at  the  beginning  of  the  reflected  pulse.  The  accuracy 
of  cable  impedance  measurements  obtained  through  nonideal  interfaces  of 
this  type  will  not  be  seriously  degraded  as  long  as  the  perturbations  from 
the  interface  decay  before  reflections  from  points  farther  down  the  line 
arrive  back  at  the  input.  In  the  examples  shown,  the  worst  case  exhibits 
a decay  time  of  approximately  5 nanoseconds,  which  at  the  speed  of  light 
corresponds  to  the  round  trip  travel  time  over  a 2.5-foot  length  of  cable. 
It  is  seen  that  the  accuracy  of  TOR  measurements  on  cables  which  are  less 
than  2.5  feet  in  length,  or  have  a discontinuity  within  2.5  feet  of  the 
input  connection  would  be  degraded  by  the  Interface. 

The  Interference  caused  by  the  stray  inductance  of  an  Interface  can 
he  minimized  through  the  use  of  short  ground  straps  or  conducting  tape 
to  connect  the  shield  of  the  reference  cable  to  the  ground  reference  of 
the  cable  under  test.  The  stray  capacitance  can  also  be  minimized  in 
some  cases.  On  panel  mounted  connectors  this  can  be  accomplished  by 
removing  the  connector  mounting  screws  and  allowing  the  connector  shell  to 
float  during  the  measurements. 
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(b)  CVC  6092/6093-6N  (52  pin) 


(c)  CVC  6062E-12P/6066  AE-125  (12  pin) 


— J - I --/I 


(d)  CVC  6062E  37x75  /6063  37x7Pl  (7  pin  coax) 


Figure  45.  Interface  reflections  from  actual  aircraft  cable  connectors, 
Vertical  Sens:  200  mc/div,  Horizontal  Sens:  0.8ns/d1v. 
Tektronix  1502  TDR  system. 
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3.  ANALYSIS  OF  MULTIPLE  REFLECTIONS 

Multiple  reflections  on  a line  terminated  in  a complex  load  and  con- 
nected at  the  input  through  a nonideal  Interface  are  seen  as  a super- 
position of  time  delayed  transients.  The  pulse  shape  is  modified  at  each 
reflection  and  by  transmission  through  the  input  interface  to  the  TDR 
recorder.  When  the  round  trip  travel  time  is  short  compared  to  the  decay 
time  of  the  reflected  transients,  the  individual  reflections  overlap  and 
produce  complicated  traces. 

As  an  aid  to  the  analysis  of  multiple  reflections,  the  successive 
reflections  can  be  diagramed  as  shown  in  figure  47  (ref.  22).  When  the 
impedances  are  known,  each  reflection  can  be  calculated  separately  and 
added  with  the  proper  time  delay  to  predict  the  long  time  base  TDR  trace. 

In  principle,  an  unknown  load  impedance  can  be  determined  by  unfolding 
the  TDR  record  to  obtain  the  load  reflection  coefficient  p2-  The  procedure 
Is  readily  applied  when  the  first  reflection  from  the  load  is  separated 
in  time  from  the  other  multiple  reflections  present.  In  this  case  it  is 
only  necessary  to  correct  for  the  distortion  caused  by  the  input  interface. 

The  first  reflection  from  the  load,  shown  in  figure  47  as  arriving  at 
time  t2,  has  the  form 


v2(t)  = [ 5 ( t ) - P-,  ( t ) * p^t)]  * p2(t)  * v.(t) 


(79) 


which  transforms  to  the  frequency  domain  as 


V2(u.)  = [1  - P^(w)3  P2(«)  V-j(w) 


(80) 


The  input  interface  reflection  coefficient  c-|  is  determined  from  the  first 
reflection,  which  arrives  at  time  t-j , and  has  che  form 


v-|  (t)  =*  p1  (t)  * vi  (t) 


(81) 
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Transforming  to  the  frequency  domain  and  solving  for  p^(uj)  gives 

(w) 

p,(u)  = — ,— r 
1 V.j  (to) 

Equation  (80)  is  then  solved  for  02(10).  The  result  is 


P2(to)  = 


vi  1 1 rvi(u)f[ 

v1(u)  * IvT^yJ  ) 


The  load  impedance  is  given  by  equation  (17)  with  pg^)  from  equation 
(83)  substituted  for  p. 

4.  PRACTICAL  CONSIDERATIONS 

In  many  practical  installations  the  cable  runs  may  not  be  longitudinally 
or  cross  sectional ly  uniform  and  full  characterization  of  the  cable  param- 
eters may  not  be  possible.  These  cases  can  sometimes  be  modeled  as  uniform 
line  segments  as  discussed  in  section  IV.  Estimates  of  the  transmission 
line  properties  of  some  inaccessible  segments  may  then  be  necessary  while 
partial  characterization  of  those  which  are  accessible  can  still  be  carried 
out.  For  example,  the  approximate  line  characteristics  can  be  obtained 
by  computing  the  approximate  per  unit-length  inductance  matrix,  which  is 
not  affected  by  the  inhomogeneity  of  the  dielectric  in  the  cable  cross 
section.  Relatively  simple  formulas  which  depend  only  on  the  cable  geometry 
are  available  for  these  computations  (ref.  24).  The  estimated  inductance 
matrix  and  measured  admittance  matrix,  based  on  the  techniques  of  section 
III,  can  then  be  used  to  compute  the  capacitance  matrix  from  equation  (35). 
The  L and  C matrices  completely  specify  the  line  characteristics  (assumed 
lossless)  since  the  eigenvalues  and  eigenvectors  of  the  LC  product  are 
directly  related  to  the  modal  amplitudes  and  modal  velocities  that  the 
line  will  support. 
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The  bulk  or  common  mode  impedance  of  segmented  lines  can  be  determined 
in  some  cases  by  an  extension  of  the  method  illustrated  in  figure  44.  In 
the  analysis  each  reflected  pulse  observed  back  at  the  input  measurement 
point  is  corrected  for  transmission  through  the  discontinuities  that  lie 
between  the  measurement  point  and  the  reflection  points.  The  individual 
reflected  pulses  from  each  segment  can  be  unfolded  in  turn  and  used  to 
compute  the  bulk  characteristic  impedance  of  each  segment. 

The  pulse  response  of  a line  can  be  determined  in  a similar  manner. 

For  a line  with  a total  of  M discontinuities,  the  output  pulse  is  just 
the  product  of  the  transmission  coefficients  and  the  input  pulse 

Vl  = (T]  *x2'  • • cN^i  (84) 

where  is  the  transmission  coefficient  of  the  Nth  discontinuity, 
tN  * (1  + PN>* 

The  common  mode  propagation  velocity  on  cables  of  unknown  length  can 
be  determined  by  introducing  an  external  load  at  a known  distance  from 
the  input  and  measuring  the  round  trip  travel  time  for  reflection  from 
the  load.  This  can  be  accomplished  by  wrapping  the  cable  with  a grounded 
strip  of  conducting  tape  or  foil,  which  acts  as  a capacitive  load  and 
produces  a sharp  reflection  at  the  load  point. 

As  an  example,  the  sharD  reflection  shown  on  the  TDR  record  of  figure 
48  was  produced  by  placing  a grounded  two-inch  wide  strip  of  aluminum 
tape  around  a mul ti conductor  at  a point  Z meters  from  the  free  end. 

The  accuracy  of  time  domain  measurements  on  multi  conductors  is  affected 
by  small  irregularities  in  the  line  cross  section  which  causes  partial 
reflections  to  occur  over  the  entire  line  length.  These  effects  appear 
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as  noise  superimposed  on  the  main  signal  and  reduce  the  accuracy  of  the 
measurements.  Both  the  indirect  and  the  direct  methods  for  the  deter- 
mination of  characteristic  Impedance  or  admittance  are  susceptible  to 
noise.  The  first  involves  differences  of  small  numbers  and  the  latter 
involves  the  measurement  of  low  signal  levels. 
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MPERlfCnTAl  CHARACTER I IATIW!  OF  HUUICOROUCTOR 
TWWSSfOB  UKE3  I-'  TRE()UE*lC*  yrm 

ABSTRACT 

Although  a matter  of  papers  have  been  published  on  the  experimental 
characterization  of  multi conductor  transmission  lines,  they  are  limited 
to  the  tire  domain  for  lossless  wl tf conductor  lines  in  homogeneous  nedla. 
This  appendix  presents  a method  for  the  complete  characterization  of  aulti 
conductor  transmission  lines  in  Inhomogeneous  media.  The  experimental 
technlcue  for  the  measurement  of  multi  conductor  line  parameters  Is  pre- 
sented and  the  appropriate  multi conductor  line  equations  are  solved  to 
obtain  these  parameters.  The  experimental  method  is  s**ple  and  involves 
only  the  short-  and  ooen -circuit  Impedance  measurements  for  different 
configurations.  The  experimental  results  for  multi conductors  containing 
three,  'our,  and  five  wires  above  a ground  plane  are  found  to  Ce  in  good 
agreement  with  computed  results  and  a low-frequency  lumped  model. 


SEC7I0K  A-l 
IJfTHHJUaiOH 

7h«  problem  of  aultlconductor  transmission  line  characterization  has 
beer,  a topic  of  interest  for  sany  years.  Previous  wcr*  (refs.  * , 2}  pro- 
vides aethods  of  characterization  for  multlconductor  lines  in  homogeneous 
media  In  the  time  domain.  In  which  case,  all  the  propagation  nodes  have  the 
same  phase  velocity.  In  general,  for  a aultl conductor  lire  {N  conductors 
plus  a ground  reference)  In  an  Inhomogeneous  medium,  there  will  be  % propa- 
gation nodes  each  having  a different  phase  velocity,  and  the  Inductance 
per  unit-length  and  capacitance  per  unit-length  matrices  can  not  be  obtained 
'-tar  the  characteristic  Impedance  matrix  without  the  knowledge  of  the 
propagation  matrix  (refs.  3,  4). 

Analysis  of  vu It 1 conductor  transmission  lines  in  freouency  domain  have 
been  reported  by  several  Investigators  (refs.  5,  6,  8,  9,  10).  Some 

osefj*  matrix  chain  parameters  were  derived  (ref.  5).  Propagation  nodes 
and  characteristics  for  aultlconductor  transmission  lines  with  Inhomogeneous 
dielectrics  are  discussed  In  reference  8.  Measurement  methods  of  the  cable 
parameters  at  low  frequencies  have  been  presented  (ref.  11);  the  correla- 
tion between  the  theoretical  model  and  the  measured  data,  to  date,  has 
not  been  entirely  satisfactory  (ref.  12). 

Tnis  appendix  describes  a measurement  technique  for  determining  the 
parameters  for  a general  parallel  multi  conductor  transmission  Une  syster 
in  •**  rreouency  domain.  The  ceasureaent  technique  is  an  extension  of  the 
well  known  slngle-freoumcy  technloue  for  measuring  the  constants  of  a two- 
conductor  line.  It  consists  of  measuring  the  impedances  between  all  pairs 
o'  conductors  under  both  short-  and  open-circuit  lead  conditions  with 
specific  source  conditions.  * method  of  calculation  utilizing  a series  of 
s'niarity  transformations  for  obtaining  the  appropriate  parameters  'ror 
the  -eesured  data  is  used  in  solving  the  complex  multi  conductor  eowatlons 


n 


‘*1 


sec^o*  A-r 

* '*r*  'om«d  i/  1 conductors , c’ys  r*'e*erce  conductor 
-nd  *n»  **"<*  's  assured  to  fc*  jr'^crr  a’org  (ts  ’enot*  '2  coc^d^ate; 
tut  niv-  arfcitrary  crcss  section.  I"  general,  tV  dielectric  s unround 1 nr 
tv*  ’■**■*  {s  tr^oroc«*ec*js  '*.?.,  cafc'e  rad*  o ' insulated  conductors  wit^ 
ite*»r*r,\  di*'ectr*c  constants?. 


* - **p  ores*rce  o'  -naterlais  nav^c  d*''erent  die’ectr4;  constants. 

‘-o  rrc;araVcn  ~oc?  car-  rot  *'r  genera*  o*  *£*.  ^owere"',  tte  " c*r-*’~*cv*'‘c/ 
cloaca*. ' or,  -ode  : cj2S * -’EY’  ••*'$.  ’3.  *4'i  and  analysis  can  proceed  'res 

t.***  ce-«rall2ed  t»'ecraph*«*'s  equations.  jhese  ecaatlofs  a*'*  're's.  7,  *3i 

ji  tv-.«z-t}3 . . c^)i:e(j,t)’  - a^i  £ C!r!'-*-n  s.-, 


3 : 
* Sk 

;Z 


l-’S. 


\a.—* 

1 ,2, — fl. 


, and  I -ecesert  t*>e  #cHace  «it*  ^mwc*.  to  t*e  -eference  cor- 

TP 

titter  a-d  cr  *.*>«  «*  t*  conductc**,  respective?/.  as  a 'yrcticr  o' 

Ci'5*a*-'»  ; a'c^o  **a  ard  t*re.  t.  [o' *t*  ■*  C * * and 

3 -5  - - * *•  * W * nr*  • 


*«•  respective*/  sen  yr4t  ‘e^dt*  resistance,  and  coef'4'*ents  o'  indyctance. 
cscac^ta-ce  ard  conductance  matrices  e'  S * * sixe.  7>e  resistance  per  unit 
' e^dt*  -etri>  is  in  general  diagona’’  and  t*e  others  are  s/*retric  Also. 

■-  *_'  *,  * and  *Vl,  t*e  ditgena1  elements  a^e  se?Y  and  tfte  of' 

e'erert;  an*  rvtual  cuant'ties.  >e  e* events  o'  t*e  capacitance 
-at"»  1 arc  inductance  ratr«»  'L'  * an*  *y*t.ne»-  c*#*  ic  termed  tv  tfc* 

rr»  ' * nT' " 

orccert*es  re'.  *5 


?7 


*h«rf  ; 5$  j Sw:t4t  j chCS«'  r€girCr<f  'c-.l'.'cr,  ind  tN*  z' 4 ' S *. ' C 


'rc€24- Ce  «!*»■*•» 


'4"  he  In  tmz  forms  ir*r.  5)  tj 


Uc^y,'  S*  3 3 LT 


anc 


n 

i-c 


rm 


T rtr 


>' • ' i i ; 1 r 2 ' s 


n« 


(S;}('i  ' s "rZ-  's‘  ) '* 
' * \ ~ rat  ' * * rm  I 


{ A- 5 1 


s i > - 


i'Z'  :siV>  • -s;ilV'  't'l  1 - f'7-  /,  n>  V7'  U'" 

V"n*  ij'  r^i  s'-i  t?ns  * ' \ -rs  s "*  r*  s ' J<  ‘■“m5" 


fi-f 


0*  *x‘i  t >P  ‘ Ks  : IC"  O*  w.n;  *$  '»r  "t  :*  * *n  _ 


f t - • . ••',•*  > . i r y - t . i ' - - » « i 

*•  ‘’n®  ‘ * • rsn ' 3 ' •*  ' 1 ' f»a  5 ' ' ‘ *■  no  ' 


"Tie  partner*-  ■if  *,  £;ft)].  «*.»  r*  e*:r*ssei  -e  c»-t’t'ooec: 

form  as 


l - ■ : \ 1 ... 


rrs  fi';1  f * i il 
!.*  H ■ ■ • » i*l2  l'->  | 


r ? . T 

i # -iii 

L*-“Z  ; - 1 J 


I A ■ i ! * 

‘••zr 


rx.- 


wNtre  suta*  trices  [ft,, ft)],  fe,;Up  a- 

* « ' C 

srse*-.  The  s-'ssttr  ices  are  ejLp-eisei  as  fellows  (re*.  5} 


a-e  of  *ti’i 

t-  w 

*r  t 


f i . » ■»  r . * f . “ i j i / - . . , f 

11  • • (i  < J * i • _'.S  ..  j jccsot  > S 1 ’ 

• i nff  ' ^ j ran  - - r 

* C3Sk  I ( [2'  's;  ]r  •'  f S > 1 j * i.  ; 


/I 


:Sj  ;i  * 1/  ! « ' f s * 1 
‘ - |j  ns  " 


l?a'  j 


, . , t,.. , . I 

‘•fsr.  ' 'j  j ' fw  ne  *'/  | 

J . .,.H  fh  , .. 


» -o* 


r i.;k' 


f - / 

L ; ’ 


1} 


i ‘ 


M. 


1 ; i 


'tccr®; 


H3 


. - - 7C 


:il  t !,i|i|!"i",i';:iiiiNi"iii|i"«iiiinmr 


r* 


f*-  u:i 


n« 


r ,T  • 


(»'(*!!-  (c;_:  > s[c 


r»‘ 


irc  2*'te!"  sett  le  » s }«.,  fe  pe*----: 


{='  1 ' Re^Z'  (s)} 

1 n*5'  -HE 


fj'a-eie-s  i -e  c .e~  b/ 

(*- jS« 


[w 


- !%, 


/ ’ ■; : *.  • 


rm 


[O'.]  - 


ns 


[■•'  n - 1 'O] 

rm  - ^ a» 


L A - J -< 


ThwS  'i’x  v*  «Lr*>'e$c*  Qf  if*' .t  i«c-es*'ce  '■av-ces  *'or  tne  »-c 

©p**  C ’■  f C j ’ t 'tc-i'f  CC-fsO  ■■  t ’©H>  «"©?*■  C f*SCf  *&©•.  SCfcfC?  -C  r ' v '•  t > CK-S  , S ■ 1 *h£- 

Mfftoettrs  e*  f>«  m/>*  kc^dwctc-f  line  c*f  ©«  oDUinec.  *c te  ir-a*  « s • ?• ' %• 


sorut'Ofi  car  ;-e  ;c  * a • '~©c  *-  tc*-a  cf  J 


1 ne  - * fgi.  • - 


» ’,  fVC  tf-e  Se  "<  * • r d > f - 


$ - l . 


Ir  $o‘v**«  *.*  of’5  -- 2 r.  ■ a -<  A- 3-1  * 


' * ~ - '*B 

t '■>©  C3  '<" 3!  ’ ''  cj'  'e  ce  eaz-'  s-e*-  2 sar'?s  c*  s * r ’ • a r ■ * \ r trs ‘ ^ r - 


s2tr’c?$  h4,e  t rf  > i -jt  e : i.en» a uci  . a'C  * rc  *'.£?■ ' a 


na?  e-'*rva  »«• 


iff*t  f-  t * 2 


-li  i - f * - :_e  - 


i'sc  * / k ' * *•>  *re  44“*  e- c*'. as  t'-rs * i* 

' HP* 

fftr  t**  rj'.ri 


TC 


7«  ' < i 

re*- 


•*  * 


5 ..*.*,]  s 


'5  f 'jniUsf  j • f «*  Hi  ^ yf>  * 1 *"  C C:rrr€i^^riN*,rC  f * gt4 


j | * ‘ r=r= 


> f C** ' 


Ss  the  n t*  of  l~'  fs)l.  S'- nee 


is  e ■atfi*  function 


cf  It  t s"  be  (Sete^trei  frap  t si»Ua*-n/  transformation,  nasc'-t. 

f~'  'til  » ft  "ir-.  1 ' „*v*r*  ft  1 < t ?h*  itst  at 

*■  r*  •-  - HU'*-  ne-  ’ * r«-  ’ * r'  ' 

Mtru.  of  [*.  1 **<}  [-*  ' U i tiiagc^ai  astri*  fcmeo  by  tne  eics'fvelue 

y ’5.  Cilc.laticr  ?.*  iZf_;s;j  fclIcM!  fron  ec.itic'  (A- ;< ) ir  a s ini  la*' 

j,  t !*■ 


aa^vner. 


fU»oc  of  u'cu tat’o*'.  offers  a s'.®le  tr~c  s :^a ■ c»u'c''»a rc 


procetSvr*  a«j  is  yses  in  the  foilowinc  aata  r»St«ti©r-.  Sa*  otHer  «ti'4>a2 
fcr  t*e  solution  c*  s^  c»piei  aatr:*  e;-„at'cr»s  «ft  e's;  ara'Uo'ie  (re* 


1 


SECT 4-4 

fCASvSDCXT  HD«nUL  ^'C  ’Hi.  Un*l'Ki(~&.  BESvL’S 


tor  tne  purposes  of  <i«Rcr.sTrat*-«c  tne  va'icit/  o * t*e  ae*n©cs  C«s c r ' Ded , 
sni tico^dwctcr  lines  cf  three-,  to---  and  five-wires  were  constructed  ano 
testae.  The  ejcp«ri®enta'  set-;  . te:  ’s  i'-cw  in  f 15-re  4-1.  The  cross- 
sect'ona'  ccnf  tovrafons  of  t hre»-t  ?cur-  arc  five-wire  cables  are  snowr 
ir  fiqs-«-es  E and  6 These  conductor  espies  we<-e  ?"  ■ete'-s  in  length, 

SuCC'Crtec  5*yro^oa*  t ’cc* :•  4 if  cn  5 , ? * ?9.  » b»  ?’.?}  w a ’^r^jr 

plane.  Vires  ios-'ated  » ’ t*  $o!  is  ;-c  1 retndene , neoprene,  r-ubter, 
f q^s?  pfji i»et“y  1 ens  sesisclic  p-c • ret**’ e*se  — < ro  -sed  for  *re  cable  cor- 
s t r-ct ’ o** ■ The  w'-es  we'-e  vapt-ts  •’tn  a O'  el ec  tr 1 c tape  to  ’"s-'t  a 
Constant  catle  'rCSS  4f't*cn  c**r  t"*?  iengt-  r*  *.re  C4b^e.  w ' Ht  S 

were  terminated  in  pin  jac*s  sc  that  tai^  cyo'a  be  C'ic,  s nortec,  c 
opaenec  as  necessary . *!y?tihuE  pistes  were  placed  sc  right  angles  tc  tec 
fa'C  p "ane  at  t*e  driver  and  far  ends  0*  tne  cable  in  erss'  to  $ nc  r * 
tne  electric  f ield  at  the  cable  end  points  anc  to  pro*  J-oe  * low  impecar.ee 
Current  pat*-  wre:  a snet  circuit  was  reo.-rec.  A bloc*  Ciacr**..  pf  tn« 
w*a  aw  recent  set-;  's  s^cwr  1*  ♦15-'-*  U-l . 

*ne  ic'taae  prete  a-c  c-rrert  prece  were  se'ecteo  tc  *i«!«i;«  ;•  :ce 


ja-’nc  ejects 


*r  act* » e rc  '-tace  pnete  »'t-  s'-  inp^t  ioc-esance 


s'u'-te;  b.f  r ;s;e:'t4-ce  c ' 


:ed  'W  t"ese  Tea «rt"ts 


cwrre't  rrott  was  a clase-Of>  t/p*:-  «•  tft  an  snsertic*  ’opecance  cf  ess  tun 
C.i  Tn«  0 v e r * '■  acc-rac.  0*  t^e  lucedance  seas-*  events  octal  nee  was 
e;prc»  *«te',.  ;5t  over  the  frequency  ra>>se  studies. 

Tne  snort  circuit  input  i*pe dance  «easjrererts  i»r*  performed  »if 
tne  *ir  tr<  shcrtec  cc-ncej  a»«d  tne  r«ea*-  ere  :f  a'  fc-t  t"e  0*"  »r 


M fj'-rf.' 


, , *a  - nf  ir^  w » es  »as  neas--*:  « • : ' ; ••c*es  : tn»  rjv  c 


c tact 


tc  ' r e •>  - s\  r ' c as  ' f»r-ct*-Of>  c*f  ‘ rec -f  c- 


s irccf>jrs  was 


’ a t * . •- 


■J-  V 


retreated  for  wen  to  iso»*t*  th*  s«  1 f arid  a.t*a‘  lepe^anct  term  in 

I've  circuit  «<i^4tior>i  {t-5-.  in  t.*i«  if.rw-wlre  case! 


11*1 


t‘  1 


« • * 
Z i I 


"Zc-i 


t 1 w 


‘ V 


7 » 

t ■)  *1  * *\ 

2c  i 


t33-- 


TM  <np*d*nces  *r*  c’ven  t. 


,sr. 

‘‘nr. 


• - 4 » : 

* • <■  t J 


'!  - - v 

^ * - / 


,n*  c'rcyH  ifi€"€-4af<*  nitriji  [ZT^=  s}  1 4{^UU?Ke 

**tru  IW  5'-  stlU'W'tJ  **r*  ?e^Or«<:  tft€  *«r  en-C  Oven  i-c 

t**  n«i<-  e*-  s of  a * ' tv*.  **■<  o*"**e-*  w*  snooted  • * i cv  re  i-  3c  *•• «.  , • ‘ . 
*cr"5  5 t-«  sri»e*-  «•  r«  arc  tre  c\*rr*«t  in  eae*  ©f  ;-e  «•  res 
a i u r ec  n ' *r  pr*^es  a r q rroccOjre  *~«r«^ce*  for  a" *re  e~  ; * fp 

tn«  self  arc  ' ao»’>tt«rce  term  -r  t*e  emi  tters  £e  q , in  t*e  tfiree- 
»*re  esse; 


* . . i . * t . _‘i  _ 

* ‘ * «£  < 


V 

1 


- * - 
t t 


2 


■ - JO 


i 

‘ i 


M 


1 <?’2 


^ * frr  n s ^ ‘ ‘ 

fWI  J ' V " * ~ • • 

r* 


If  ;*•.«  *tc»e  I've  icsses  ■«■  *'"•«  Hne  mr$  *c»rc  *.c  ce 

R*g‘1g*t't  *rc  are  neciected  in  furth®.-  calcinations.  For  a lossless  case 
t*e  p«r  unit- length  series  <Pcesa*K«  «r^  s^rt  saMttsnce  wt-*ces  c«- 

r nra*> 


r v * . , _ ••<■•  i 

l T_~  iiJ  2 Sin_. 


•mere  s r 


Fror  the  *ro'e<JC9  o'  [ Z . J s ; ar-e  f* :'  's,1,  t^e  0# 

4 *n*i  * >r 

■w < t 1 conduc tor  1 ir*  j,gr!  He  cacu^atec  ws’ng  *ne  eo^at’crs  cescr*t>ec  ' r sec- 
ton  4-4  The  Dtra*eter~s  [i'  ] arc  " arc  the  «e  cc’fes  c*'  r row  gat ‘ zr 
••€  r*  calc.  a tec  as  a fw;*‘cr  c ‘ ‘rec^erc.  .r.i  iq**  . * *kp , ws'oc  ft 

er^er>«£r.*s  data.  *n«  rtas^^tc  average  per  *ni  t - -e*«tn  l«<ts,c  tarv  e tr^ 

capacitance  watrlces  anc  velocities  of  preface t • or  for  the  three-,  fenm- 
and  flve-wir*  cat?»e*  are  as  »’©llo*s: 

•a.  three-*’ r«  Cade 


'nr-weas 


0.S&4 

G.*54 

Q 

.535 

at.  4£ 

**  £.  v 

WS 

- £ 3 . 5 S 3 " 

C.4©4 

0.539 

0 

.375 

- K/  ® • i.  <~  i . - 

- rcr*n«*> 

- l 0 . 9.,# 

■5  1 

-4. is: 

n lit 

. - » V - 

to 

r . 3'? 

n 

- 9?~ 

• / Q v *> "? 

•. 

t 

is: 

3 • f c ; 

> . - £ £ <;>  V « • ? 

v.  * :.^76*’ c:  vs 
,,  • ?.005'lc:  «.  s 


(ti  Fc^r-airt  Cat’e 


- *"  re  • se  i i 


’ o ?a:  o . * y. 

Q i f Q Q 

y 0.3;rt 

r-  * ^ - A j _=i 
- . ^ 5*4.  v 


4V  n 5^7 
9 2 c 0-3H 

i v>  n * " i 


nut  tjm  5 


5 7.25€ 
-ie .7*5 
-22.754 
- ' i . : 9 0 


16.745 

-22.7M 

_n  .59* 

43  769 

- 2.329 

-15  815 

■ 2.329 

34.994 

- 4.774 

•15.615 

- 4.774 

37. £72 

> . » - ' > 
£ 

.9S4-lCe  *.  s 

. i47*  iC“  *u  S 

r » l 

rar  wai 


title 

~0.90Z  o.< 

0 <77  0.< 

4{  - 0.S40  o.: 

e.«a$  o .4 
o.su  o- 


52.555 
-16.125 
-17. 761 

- 8 89* 

- 5.632 


<1 . 772 
- 9 ?05 


V , * I . f * ?*  15"  H.  ! 
* , * 2 . &6z  • ’ tt.  : 


S . * 2.0 


A lOWCa ' >*  ‘.*i  ««* 

t s-  r«.rt  * r • rn **  a J ’ 


f0r  rr^ 

rH  1 fWJ  t ft#  f jrmi  i a 5 


i i*  i * 


«» w 


■ i tv  seif  imKtcte'Ke  ier«  of  tv 


S3  -.k« 


Rn  rm 

■bt*a'  intfwcteffce  le*-a  £*%*t*r  r,  t**  aV  » t*?  contiwotcrs.  TV  st’er  ja'te 

e?*^  de'sne'i  as 


t * tv  e4avter  c*  tv  to«c<;tcr 
h * tv  d'Stave  frees  a conductor  tc  org^od 
t • tv  distance  belwff  two  cevwctcv 
5 * tv  dissave  frt*»  tv  c©VS«cto<-  tc  tv 
cf  « secov 


Tv  SCCV-  fgr^**!  g'yf  ==,  ■ tS  3:C«V.f  •rSw'tS  tf  tV  WC  Cf  CC'-Cui 
seoa'afoo  tc  radius  is  gvate*"  tv  5.  Jr.  t*us  c**e  tv  c tc*-*  ca* 
V assxsaeo  to  t*  separated  s/'u’rt'y  s«cn  tvt  tv  cvce  c str-ts.*.  or 
are«n<  tv  periphery  gf  #ac*<  ccv-ct or  m constant  ar<  tv  conductors  ca' 
v vpiacec  t»  f » ia««eota-f  n vs  o*  ror  c’tser  csxvdwc  tor  s?ac '«h; 

p-ro*'.B’tjr-  effect  »n  U a ‘ter  tv  cMrgt  dfjtrt&yf.ons  frts«  constant  tvs 
•V  nuvnica*  acpns» s rn t ? on s Bast  be  est'crec. 

The  p«'  w"it-’e-€tn  indhectav*  »atH*  U^,'  ealcu’ate-i  frer.  tv  ge*'«e 
WS’O?  tV  fpna»,Tas  f«  f A-4'i . jnd  fA-JiO 

fa,  Three-«ir*  Cao'e 


■»'tl  ■ c 


Z.cti 

0.45t 

: <h 

C . 9-5  C 

?.5*7 

r ' ** 

W , V 7 r 

t fos.--e-re  Ca: ‘e 


[:  «:•  c *a* 

[i  * - * h ° ?5c 

1 W'CI  c I - , . - » 


o.m- 

r so. 


► *.»*-•’ 't  -4: 


Is- 


ne'Ci 


i fe  . 5^7 

I 

I 0 *9* 
I o.m: 


i e <39 

L. 


e.4« 

9 -.MC- 

0 . 2 96 

n s r £ 

0 4J3 


0-54? 
o 3^4 
0 . ?4C 
:.l;; 

c *75 


0 4JJ  I 

n •»  0 

n 5^5  j 

1 3i:  i 


?►*  C CMp4 r *■  5 0*"*  O'  C4‘c»'4*.4d  » 1 ‘ -0  S Of  t 0*  e'en**-**  0'  P€* 

w' < t - >fK5wcts,Ke  P4f-ce»  **■-«  t*iwrf3  *4  <*<s  s*x»»s  4 

errer  C'  £ Z*rzerl.  The  e«*rcr  IP  SC'S*.  cf  1*4  «■««**•'*  ‘S  1*SS  t"4*  4 p*'- 

c«rt.  ?4e  fofiii'is  ir.  eov»**.or*s  4-4  * 4-4't  i'f  «cr3i  # 4te'» 

4<jr  c*-«se**.t  c#se  o*  c4i>«s  a*»0«r-  *r»43  Vcj  *.  'Cr . S’r^t  t*se  rife 

o'  COrXT'JttOP  S#C4r*t*CP  to  r*0’«S  ’$  *ptrxa'«4t«  i»  §r«4t4r  l*'*!'  *3 

r • ri  * - ■ *».*•  - ^ «•  — t-*  * * •*«*  • #-  • 4k  4 4 /•  « *«  *na 

- *4  / » *■-*.  t v » «-*■*•>»♦  • - • ■«  #■  «•*•■»*  — - *■  - - — * - — “ ' * * * - 

e.« p-^r ’«er tj ' furors  xas  stu^fri  T**o  * 'rjit  o'  fr^n  ixcy  ip  *«4S*,'4- 

»«ti,  tPf  «rr?r  ir  *►*  «C 4 S U re** * t C?  rrtCw*P<>  4p«  t**  ?rror  1 f»  tr*  Kl- 

sartaent  z*  i«ew44*<c  or  nr  tur.;?.  ;«*ec*:iVC'-  o'  t*«  rfCr  in  f* 

pf-<5<ess  o'  04 ' cv  ’ 9 *.  *ofi  ^4  to  t**  r*  ts*  p*» < s j t s *js  SwO’e-o  t* 

ft  d*  * j>  *r-d  ?f>*r  iv5?'«-  t*4*  c*4*  7*1  ’ **  * P4  'IC‘j'i’41 

»i‘y*s.  It  »* : JC'.fiK  *fWi*.  * *t  P4-0?p149*  0*4  *•9*;  ’*  ’.*r  0**  .'  ' V rr:t* 
irutv't4*-CS  4P<3  CinfUr^l  *4tr'C4S  4rC  0*4  0*54  T4  ; * cr  * S t ' C *PC4.**'  0»  *4  « 

«rti  c'  t*e  s*n#  0 r<&r  a-5  ♦ *«  r«-t.r^4t *cp  ’ * * -r  - 1 oj *< 

TMj  SPOtaj  »'*  Slit  ~ or  •m’r^sc  **'  Ot  O.'  tVO'  n’t*1  'KJH.S  tC  tM 

errors  *r  t*"6  3*  4 i -t  -'W^r  * S 


r :v:.  3 £.*•#;.  ic 


tcr'ducv:r  tre- V’" • is 'or  '-'res  (r  g-  ‘n^croge^ecui  ngj1/  nai 
1h*  neiiarmrris  i -e  s"*eie  to  ctrfom  And  »ti  Ha  c orrcr.  I > a.ai 


tcvr*i*— . 


It  fov-i  tfi’.  data  a ♦*.-  a hie?"  co** 


coin's  tf  ctu1  •‘t’KK.t  c* 't* ' t ? . nc*s  f,  *f'ect s £•*.«  ; ~ - c 
rrct-«  cowc'in$,  r.ri>  iepada-cei . €tc.  ca^  proowc*  »ra^x 


a c*r<%  »**a  v.Tm- : rrrxrc. 


C*»<0  to  *'n'PW«  V“«ie 


e<fecti  r-u  ts^cnec  aso  £•»«*  tn«  crara-t**-’ i v cs  <?*  r^caa- 

t’-ic  »c<**s  to  mat  e«r'  ’c*t  »*4S present  of  is. ' » • o ‘ e r^-ase  vt'ocTTi  is 
•yjt  rrc.*r*£.  "?ne  seal  ■.•**£  cr.a  \*cn%  a seed  ao-MswT  ‘ t *■  t."a*  ca'c,.’e*€C 
fror.  i “(Cft  '.'Cl'  fe^ou"  it  In  HteratwT.  ’"h*  aatnett  (nf3lt»4  in  t.*X 
► rc<eti  C # p j ' c , ' 4 *.  : or  4 r#  ^0wr'<  to  t<t  ■« ' ; C 0^ 1 1 ' ■O'NfO  , 10  t “4  * * N»  e TO  * 

jTceajat *cr  in  c*'c«'«t*c»*s  t •*•;«:  « ' fwr  t**  ne ♦.*■!>£  »at  t«'-*<,te 

S’ 1ft  a C#  fi*€  w'rei.  it  ‘‘5  i?r,  c«-trg'.  a T IT-yT  *vM  * Or  #'■» 

r .3  f c T-O  v C t C r 1 


ScheUunpff , 
7eiecr*p**ers 

wt. 

Knot,  n.  K 

Tranir  i *.  si  tr 
lints.*  ’Jil 

R«y j.  S.  . \ 
m,”  h j t 1 cr  t 


Ri?£®£*CLi  •Cw»t^ftutd» 


S "C orders  cr,  c f Hiimll's  Equations  into  Se^riH/ed 

£siu*tio<ns .*  Be;i  System  Technic* ~ Jew rrn  1 , Yoi.  34. 
Sertsste-  19517 

anc  &.  I.  H§S£*c , ‘l’'*<ra:t*r<s:,o  of  CcHir’ec  *<icros?r »? 
Lines  - I:  Coupled  Htr*^  Fonaulsticr-  of  !«*onc>&e«e©W5 
T^i,  KTT , Yol.  HTT-1P.  pp  2*7-222.  April  1970. 


R.  Wh'ft#J*rjr  an<J  7.  Y.  IXi2?r.  *fC  *au»s  ir  Oon- 

! » r-g*~  • r < Cth'  h 1 i « » i -<NT.  s , [ r<C  . , He*  . 


'.r *C  11  trjr  :,st*c  T e:r.  . fK.U  , K*.  reflirt  »rC 


Chef, , 


u . 


